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Abstract
The rapid growth of portable electronics, especially wearable/bendable devices, has
driven the development of compliant and reliable energy storage units with high energy
and power density. Being the key components in such flexible energy storage devices, the
development of flexible electrodes has drawn tremendous research interest. The discovery
of two-dimensional (2D) materials (e.g. graphene) and their rapid development have led
to the availability of a range of 2D materials including transition metal dichalcogenides
(TMDs), boron nitrides and MXenes. This has also triggered the development of 2D
materials-based flexible electrodes owing to their outstanding mechanical properties,
large surface area and excellent electrochemical properties. The main issue existing
concerning these electrodes is the limited electrochemical performance as a result of the
restacked/aggregated 2D nanosheets.
This thesis focuses on the development of flexible 2D materials-based electrodes with
three-dimensional (3D) porous structures that prevents the restacking of those 2D
nanosheets for achieving high performance. Water-dispersible polypyrrole (PPy, one type
of conducting polymers) nanoparticles have been synthesized and introduced into the
filtered graphene films as “spacers”, forming a hierarchical structure with well-separated
graphene nanosheets. The electrochemically active PPy can also contribute to the overall
capacitive performance. The resulting composite film electrode delivered a large areal
specific capacitance of 216 mF cm-2 at a current density of 0.2 mA cm-2, much higher
than that of the graphene films with a compact structure. Moreover, the insertion of PPy
nanoparticles did not affect the integrity of the composite film or deteriorate the
mechanical properties. This film showed excellent mechanical flexibility with a high
Young’s modulus of 11.77 MPa.
For the flexible electrodes based on MoS2 nanosheets, the drawbacks of relatively poorer
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mechanical strength and electrical conductivity of MoS2 films have been addressed by
incorporating poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS).
PEDOT:PSS, is another type of conducting polymer which is highly water-dispersible,
conductive and mechanically robust. The incorporation of PEDOT significantly improved
the conductivity and mechanical strength of the hybrid films, as well as relieved the
restacking problem of MoS2 nanosheets. The free-standing flexible film with a mass ratio
of 2:1 (MoS2/PEDOT:PSS) exhibited a high Young’s modulus of 2.0 GPa and a high
volumetric capacitance of 141.4 F cm-3 at a current density of 0.2 A g-1.
Compared with flexible supercapacitors, flexible lithium-ion batteries are of much higher
energy density that is being highly demanded by the current market. In this regard, a novel
electrochemical synthetic route was developed to deposit molybdenum sulfide/graphene
(MoSx/graphene) composite on a flexible stainless steel mesh substrate. The resultant
composite electrode displayed a 3D porous structure constructed of MoSx-coated
graphene nanosheets with a unique granular surface. Benefiting from the structural merits,
it has shown a high reversible capacity of 1214 mAh g-1 at a current density of 0.1 A g-1
with an excellent rate capacity of 1016 mAh g-1 at 2 A g-1.
Finally, a further progress has been made towards enhancing the reliability of lithium
batteries at high temperature by combining the electrochemically synthesized
MoS2/graphene electrodes with an ionic liquid (IL) electrolyte. IL electrolyte with high
viscosity can easily access the pores of such 3D porous electrodes, leading to a wellretained capacity and rate capability compared with those of the commercial electrolyte
at room temperature. More impressively, at an elevated temperature, cells with IL
electrolyte exhibit even better rate capability and excellent cycling stability, suggesting a
lithium-ion battery system with high performance and enhanced safety using such
combination of electrode and electrolyte would be advantageous.
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1.

Introduction

1.1

General background

Electronic devices are undergoing a revolution that they no longer are in a rigid form but
can be flexible or even conformable with complex shapes during their usage [1-3]. They
possess the superior characteristics of portability, lightweight and bendability. Currently
significant research efforts are being made to develop novel flexible electronics with
different functionalities such as flexible displays [4, 5], electronic skins [6, 7], wearable
devices [8, 9] and implantable medical devices [10]. To date, some prototypes have been
commercially available (Figure 1.1). For example, companies such as LG, Samsung and
Apple have announced their fresh designs of bendable smart phones owing to the
invention of flexible organic light emitting diode (OLED) displays [11]. Meanwhile, the
“smart polo shirt” has demonstrated an integration of flexible sensors with textiles [12],
leading the development of next-generation smart garments. To drive these flexible
electronics, compliant energy storage devices with same characteristics of flexibility,
lightweight and high performance are highly demanded and should be developed at the
same time.
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Figure 1.1 Some commercially available flexible electronics: (a) Plastic Logic’s flexible
display [13]; (b) PowerFilm Solar Rollable Solar Panels [14]; (c) LG G Flex 2 flexible
smart phone [11]; (d) Ralph Lauren’s “smart polo shirt” and its functionalities [12].

Supercapacitors (SCs) and lithium ion batteries (LIBs) are two kinds of most commonly
applied energy storage devices, and they both have been commercialized in the last
century [15, 16]. Due to their ease of fabrication and outstanding electrochemical
performance, flexible SCs and LIBs have attracted attention for powering flexible
electronic devices [17-19]. SCs and LIBs have similar configurations composed of
electrodes, separator, electrolyte and packing materials. However, they are usually in rigid
configurations that are not suitable for usage in flexible devices.
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As the key component of an energy storage device, the electrodes containing the
electrochemically active materials responsible for the chemical-electric energy
conversion determine the device performance. For conventional electrodes, they are
composed of a mixture of active material, binder and conductive additive on a metal
substrate. The adhesion between the active materials (powder form) and substrates is poor
and suffers from detachment during deformation [20]. Therefore, the development of
electrodes with both good mechanical integrity and electrochemical performance is of
great interest to realize flexible energy storage devices for driving flexible electronics.

1.2

General concepts of supercapacitors and lithium-ion batteries

In this section, a brief introduction of conventional supercapacitors and lithium-ion
batteries is given, which includes their working principles and the evaluation methods of
their performance. The flexible type shares the same information.

1.2.1

Supercapacitors (SCs)

Electrolytic capacitors store charge on two metal plate electrodes, in-between is a
dielectric layer. Usually, the amount of charge storage of such capacitors is very small;
in a range of 1 pF to 1 mF. Electrochemical capacitors, also known as “supercapacitors”
that was trademarked by NEC in 1971 [15] and “ultracapacitors” that was named by
Yunasko [16]. The mostly used and well-known term “supercapacitor” is used in this
thesis. They are electrochemical devices that can store and release energy in a short timeinterval (seconds) with high power density (>10 kW kg-1) and long cycle life (>100,000
cycles) [21]. Supercapacitors also offer an energy density 10 to 100 times higher than that
of electrolytic capacitors.
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The basic configuration of a supercapacitor includes two electrodes, an electrolyte, and a
separator that electrically isolates these two electrodes and allows ions to permeate
(Figure 1.2). The energy storage mechanism of supercapacitors falls into two types
according to the capacitive behaviours: electrical double layer capacitance (EDLC) and
pseudocapacitance.

Figure 1.2 Schematic structure of an electrochemical double layer capacitor [22].

EDLC results from the electrostatic charge accumulation at the electrode/electrolyte
interface (non-Faradaic process). This concept was first described by Helmholtz in 1853
as a simple model of two layers of opposite charge formed at the electrode/electrolyte
interface separated by an atomic distance (Figure 1.3a). Later, Gouy and Chapman
modified this theory by introducing a diffuse layer resulting from the accumulation of
ions close to the electrode surface (Figure 1.3b). Such model overestimated the EDL
capacitance, as the capacitance increases inversely with the separation distance. Stern
combined the Helmholtz model and Gouy-Chapman model to define two parts of ion
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distribution: the inner region called the compact layer or Stern layer and the diffuse layer
(Figure 1.3c). The diffuse layer is as the model defined by Gouy and Chapman. In the
compact layer, ions (mostly hydrated) are strongly adsorbed by the electrode.
Additionally, the compact layer consists of specifically adsorbed ions and nonspecifically adsorbed counterions. The capacitance in the EDL can be regarded as a
combination of the capacitances from the compact layer and the diffuse layer [23].

Figure 1.3 Helmholtz model (a), Gouy-Chapman model (b) and Stern model (c) of the
double layer [23].

The capacitance of an EDLC is generally expressed by the following Equation 1.1 [23]:

𝐶=

𝜀𝑟 𝜀0 𝐴
𝑑

(1.1)

where C (unit, F) is the capacitance, εr is the relative dielectric constant of the electrolyte,
ε0 (8.854◊10-12 F m-1) is the dielectric constant of a vacuum, A (m2) is the surface area
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of the electrode accessible to electrolyte, and d (m) is the effective thickness of the double
layer. Here, the surface area of the electrode materials plays the crucial role in the
capacitance. Normally, in a supercapacitor, the electrode/electrolyte interface of the
positive and negative electrode represents a capacitor so that a whole device can be
regarded as two capacitors in series. For a symmetrical capacitor, the cell capacitance
(Ccell) can be given by the following Equation 1.2 [22]:
1
𝐶𝑐𝑒𝑙𝑙

=

1
𝐶1

+

1
𝐶2

(1.2)

where C1 and C2 are the capacitances of two individual electrodes, respectively.

The pseudocapacitance is derived from fast and reversible surface redox processes
(Faradaic process) [21]. In a pseudocapacitor, the overall capacitive performance is a
combination of non-Faradaic double layer charge accumulation and surface Faradaic
redox reactions [21].

For EDLCs, carbon-based materials such as activated carbons, carbon nanotubes and
graphene are commonly used due to their high accessible surface area and good
electrochemical stability [21, 23, 24]. For pseudocapacitors, the choices of materials
include conducting polymers [25], metal oxides or hydroxides [26]. In comparison, a
pseudocapacitor usually has much higher capacitance, which can be 10-100 times higher
than that of an EDLC [27]. However, the Faradaic processes are normally slower than
non-Faradaic processes, which leads to relatively lower power density of
pseudocapacitors [28]. Additionally, due to the relatively poorer reversibility of the redox
reactions, pseudocapacitors often lack cycling stability [21].
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1.2.2

Lithium-ion batteries (LIBs)

Batteries generate electrical energy by conversion of chemical energy through redox
reactions. Based on the availability of recharging, they can be categorized as primary and
secondary batteries. Primary batteries are non-rechargeable and will be discarded after
use. Secondary batteries can restore to their original charged condition using an external
current after discharge.

Since commercialization by Sony in 1991, rechargeable lithium-ion batteries have
captured the major part of the market in our daily consumer electronics and electric
vehicles, owing to their high energy density (>180 Wh kg-1) and long cycle life (>1,000
cycles) [29]. A typical LIB consists of a positive electrode (cathode), a negative electrode
(anode), a porous membrane separator and electrolyte (Figure 1.4). The commonly used
cathode electrodes contain materials of lithium metal oxides (e.g. LiCoO2, LiMn2O4,
LiFePO4 etc.) with an aluminium foil as substrate and current collector; the anode
electrodes are of carbonaceous materials on a copper foil substrate which also acts as a
current collector. The typical electrolyte is a lithium salt (e.g. LiPF6, LiBF4, LiClO4, etc.)
in organic solvents such as organic carbonates, ethers or acetates. The separator used is
usually a microporous polyethylene or polypropylene film.
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Figure 1.4 Schematic illustration of a working LIB cell [30].

The mechanism of the LIB can be regarded as rooted in the lithium ion flow inside the
battery and the transport of electrons outside the battery (external circuit) between
cathode and anode. In the battery, reactions at the cathode and anode are the intercalation
and de-intercalation of lithium ions during the charge/discharge process. The cathode and
anode materials can be considered as hosts for lithium ions depending on the state of
charge [31]. At the cathode, the half-reaction is:

(1.3)
while the half-reaction at the anode is:

(1.4)
where M represents a metal and C indicates carbonaceous material.

The discharging process involves de-intercalation of lithium ions from the anode
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materials and insertion into the sites in the cathode materials, with current generated in
the external circuit from anode to cathode at the same time. When charging, an external
power source is applied, and a current from the cathode to the anode occurs. Meanwhile,
lithium ions hosted in the cathode materials are released and then inserted into the
interlayers of carbonaceous materials at the anode.

1.2.3

Evaluation of SCs and LIBs

1.2.3.1 Evaluation techniques
The performance of supercapacitors and lithium-ion batteries is commonly assessed using
three techniques: cyclic voltammetry (CV), galvanostatic or constant current
charge/discharge (CCCD) and electrochemical impedance spectroscopy (EIS).

Cyclic voltammetry (CV). CV testing employs a linearly varied electric potential between
the reference and working electrodes in three-electrode systems, or between the positive
and negative electrodes in two-electrode systems. The CV curves can offer information
on the distinctive electrochemical behaviours of capacitive and battery materials. The
capacitive materials with large double-layer capacitance usually display typical
rectangular cyclic voltammograms (Figure 1.5a). For batteries, the faradaic redox peaks
in the cyclic voltammograms often display a rather large voltage separation (greater than
0.1 to 0.2 V) between oxidation and reduction (Figure 1.5b) [32].
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Figure 1.5 Typical cyclic voltammograms of a capacitive material (a) and a battery
material (b) [32].

Galvanostatic or constant current charge/discharge (CCCD). For CCCD testing, a
supercapacitor/battery device or a working electrode is repeatedly charged and discharged
between a designated potential range at a constant current. The charge/discharge curves
can be used to study the electrochemical reactions occurring on the electrodes and to
acquire capacitance/capacity of a material. Also, it is commonly applied to investigate the
rate and cycling performance of a material.

Electrochemical impedance spectroscopy (EIS). EIS testing characterizes the impedance
of a supercapacitor/battery as a function of frequency by employing a low-amplitude
alternating voltage at a fixed potential. The results are normally described by a Nyquist
plot showing the imaginary and real parts of the impedance or a Bode plot displaying the
response between the phase angle and frequency. The semi-circle part is a result of a
parallel circuit consist of a resistor and a constant-phase-element (CPE), which can reflect
the kinetic processes from the charge transfer resistance (Rct). The linear part is the result
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of a single capacitor circuit. Rct is an important parameter which reflects the rate of
electrode reaction. A higher Rct usually means a slower electrochemical reaction. The
linear part of an ideal supercapacitor is almost perpendicular to the Zreal axis (Figure 1.6a),
however, it often falls off 90o due to the porous effects of the electrodes; it is 45o for
typical batteries such as in a lithium-ion battery system, presenting the diffusion process
(Figure 1.6b).

Figure 1.6 Schematic of a typical Nyquist plot of a supercapacitor (a) or a lithium-ion
battery (b).

1.2.3.2 Evaluation of supercapacitors
Specific capacitance. The performance of a supercapacitor is typically assessed by its
capacitance (C), the charge it can store; which can be derived by using CV, CCCD or EIS.
By involving the CV sweep rate or scan rate (ν) which defines the speed of the potential
change in mV s-1, the specific capacitance C in F g-1 is given by:

𝐶=

∆𝑄
∆𝑉

Δ𝑖 =

=

∆𝑄
𝜈Δ𝑡

1
𝑉2 −𝑉1

𝑉

=

Δ𝑖
𝜈

2
∫𝑉 𝑖(𝑉)𝑑𝑉
1

(1.5)

(1.6)
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𝑉

where V1 and V2 are the switching potentials in V, and ∫𝑉 2 𝑖(𝑉)𝑑𝑉 is the voltammetric
1

charge through the integration of the cathodic and anodic sweep in a CV.

The capacitance from CCCD method (C in F g-1) is usually calculated using the Equation
1.7:

𝐶=

𝑖∆𝑡

(1.7)

∆𝑉

where i is the constant current in A, Δt is the discharge time in s and ΔV is the potential
range in V. If taking IR drop (a potential drop caused by the internal resistance of the
device) into consideration, the ΔV can be adjusted to exclude IR drop for more accuracy:

𝐶=

𝑖∆𝑡

(1.8)

𝑉0 −𝑉𝐼𝑅

where V0 is the peak voltage and VIR is the IR drop both in V.

Using the EIS method, the capacitance can be computed by the imaginary part of the
impedance ZIm (Ω) using the following equation [33]:

𝐶=−

1
2𝜋𝑓𝑍𝐼𝑚

(1.9)

where f is the frequency when the phase angle reaches -45o or simply the lowest applied
frequency in Hz. Another method for calculation proposed by Simon et al. is [34]:

𝐶𝑅𝑒 = −
𝐶𝐼𝑚 = −

𝑍𝐼𝑚
𝜔|𝑍 2 |
𝑍𝑅𝑒
𝜔|𝑍 2 |

(1.10)

(1.11)

2
2
where 𝑍 = √𝑍𝑅𝑒
+ 𝑍𝐼𝑚
is the overall complex impedance in Ω, 𝜔 = 2𝜋𝑓 is the angular

velocity and ZRe is the real part of the complex impedance in Ω. The cell capacitance C
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can be represented by the real capacitance CRe at the lowest applied frequency.

Energy and power densities. Energy density (E) and power density (P) serve as universal
parameters for performance evaluation of all types of energy storage and conversion
systems as they are most closely related to practical applications. The commonly used
parameters are in gravimetric, volumetric or areal units, namely, Wh kg-1, Wh L-1 or Wh
cm-2 for energy density; W kg-1, W L-1 or W cm-2 for power density. Taking gravimetric
energy and power density as the example, they can be given as follows:

𝐸=
𝑃=

1
𝐶∆𝑉 2
2

𝑚
∆𝑉 2
4𝑚𝑅𝐸𝑆

(1.12)

(1.13)

where C is the capacitance in F g-1, m is the mass of the electrodes in g (in a symmetric
supercapacitor, m is the mass of both electrodes), ΔV is the potential range in V, and RES
in Ω is the “equivalent series resistance” which can be either obtained from the EIS test,
or obtained from the sharp voltage drop at the beginning of the discharge cycle.
Cycle life and capacitance retention rate. Supercapacitors usually have a very long cycle
life (>100,000 cycles) which is difficult to be measured directly. Therefore, another term
“the capacitance retention rate” is commonly used to characterize the stability of
supercapacitors. It is derived from the comparison of capacitance obtained at the
designated cycle with the initial capacitance.

1.2.3.3 Evaluation of lithium-ion batteries
Potential. The cell potential is defined by the difference between the chemical potential
of lithium ions stored in the anode and cathode. The terms anode and cathode refer to the
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electrodes with lower potential and higher potential, respectively. The electrochemical
reactions of cathode or anode materials are usually studied in half cells coupling with
lithium metal as the counter and reference electrode, where the potential is denoted as vs.
Li/Li+. The cathode materials have a potential vs. Li/Li+ higher than 2V and anode
materials have a potential vs. Li/Li+ lower than 2V.

Specific capacity. For the performance evaluation of a LIB, “capacity” is the most
frequently used parameter, which describes the total electric charge that can be output. It
mainly depends on the intrinsic properties of active materials involved in the
electrochemical reactions and their amount. The theoretical capacity (C0) of an active
material can be calculated using Equation 1.13:

𝐶0 =

𝑛𝐹 𝑚0
3600 𝑀

(1.14)

where C0 is the theoretical capacity in Ah g-1, n is the number of electrons involved in the
reaction, F is the Faraday constant (96485 C), m0 is the mass of active material in g and
M is its molar weight in g mol-1.

Experimental capacity C is normally characterized by galvanostatic charge/discharge
tests and calculated using the following equation:

𝐶=

𝑖𝑡
𝑚

(1.15)

where C is the specific capacity in mAh g-1, i is the applied current in mA, t is the
discharge time in h and m is the mass of the active material in g.

Energy and power densities. Energy density and power density of LIBs are also important
parameters for performance evaluation. They can be computed as follows:
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𝑊 = 𝐶𝑉

(1.16)

𝑃 = 𝐼𝑉

(1.17)

where W is the energy density in Wh g-1, P is the power density in W g-1, C is the capacity
in Ah g-1, I is the applied current in A and V is the operation voltage in V.

Rate capability. C-rate is a commonly applied indicator of the charge/discharge current
for a battery or an electrode. It can reflect how fast the cell can be charged or discharged.
Normally, C refers to the theoretical capacity of a cell that can be fully discharged in 1
hour. Hence, for example, C/10 means a current for a cell to be fully charged/discharged
in 10 h.

1.2.3.4 Comparison between supercapacitors and lithium-ion batteries
Energy density and power density are the performance metrics used to characterize all
types of energy storage devices. They can be visually displayed in a Ragone plot, where
the two axes are power density and energy density on a logarithmic scale, respectively. A
Ragone plot in Figure 1.7 shows the comparison of several types of energy storage
devices including SCs and LIBs [35]. Apart from the Li-primary batteries, LIBs possess
the highest specific energy, while electrochemical capacitors (SCs) exhibit higher specific
power. A detailed comparison of key features of SCs and LIBs is summarized in Table
1.1. A SC can be fully charged or discharge in a much shorter period of time (within
seconds) than that of a LIB, owing to its electric double layer or fast redox reaction
mechanism. Additionally, it can endure much larger number of charge/discharge cycles.
For a LIB, it can provide an order of magnitude higher energy than that of a SC. However,
it takes a much longer time to get charged. Moreover, the cycle life of a LIB is quite
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limited, as the chemical reactions cannot be completely restored in each cycle. Therefore,
the differences in performance determine the practical uses of SCs and LIBs. Generally,
LIBs can be applied as main power for most of the devices from consumer electronics to
electric vehicles, whilst SCs can be used as temporary energy storage devices such as in
memory back-up systems [36].

Figure 1.7 Ragone plot showing specific power density vs. energy density of various
energy storage devices [35].

Table 1.1 Some key features of a supercapacitor and a lithium-ion battery [16].
Device
Supercapacitor

Lithium-ion battery

Charge time

1-10 sec

10-60 min

Energy density (Wh kg-1)

1-10

>180

Power density (W kg-1)

>10

0.3-1.5

Function
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Cycle life

>100,000

500-2,000

Weeks

Several months

90-95

90

Self-discharge time at
room temperature
Efficiency (%)

1.3

Electrode materials for energy storage devices

1.3.1

Materials for supercapacitors

1.3.1.1 Electric double layer materials
Different electrode materials are used for electric double layer (EDL) and
pseudocapacitve supercapacitors. Carbon-based materials with porous structures are
commonly used in EDLCs, since they meet the important requirements for this type of
materials: high accessible surface area and good electrical conductivity. Activated
carbons (ACs) are the most widely applied materials in commercial supercapacitors
owing to their large surface area (up to 3000 m2 g-1) and low cost [37]. A typical AC
electrode can deliver a high capacitance of 100-300 F g-1 in aqueous electrolytes within
an operating voltage of 1 V, and a lower capacitance of < 150 F g-1 but with an extended
operating voltage of 2.7 V in organic electrolytes [38, 39]. Carbon nanotubes (CNTs) are
another important material for supercapacitor electrodes because of their exclusive porous
structures, excellent electrical conductivity, and good thermal and chemical stability [40].
Besides, other carbon-based materials with porous structures such as activated carbon
fibres, carbon aerogels and carbon onions have all demonstrated superior capacitive
performance [41-43]. As a unique two-dimensional material, the most recently discovered
family member of carbon, graphene has attracted tremendous attention in supercapacitor
applications and detailed descriptions will be given in later sections.
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1.3.1.2 Pseudocapacitive materials
Compared with EDL materials, pseudocapacitve materials can deliver larger amount of
energy through fast, reversible redox reactions at the surface of active materials. They
mainly include conducting polymers (CPs) and transition metal oxides or hydroxides. The
commonly used CPs include polyaniline (PANI), polypyrrole (PPy) and derivatives of
polythiophene (PTh) such as poly(3,4-ethylenedioxythiophene) (PEDOT) (Figure 1.8).
Their conductive nature arises from their unique alternating single and double bonds
forming a π conjugated system. CPs can be doped with cations (n-doping) or anions (pdoping), and their energy storage mechanism is related to the doping/de-doping reactions.
When charging, CPs can be oxidised or reduced along with ions from the electrolyte
transferred to the polymer backbone, corresponding to the p-doping or n-doping processes,
respectively. Upon discharging, the reverse processes occur, and the doped ions are
released into the electrolyte. The overall processes can be simply expressed as follows
[25]:

(1.17)

(1.18)
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Figure 1.8 Chemical structures of polyaniline (PANI), polypyrrole (PPy), polythiophene
(PTh) and poly(3,4-ethylenedioxythiophene) (PEDOT) at their p-doped state.

The specific capacitances from CPs are much higher than those from carbon materials
due to their pseudocapacitive behaviours. For example, vertically aligned PANI
nanowires showed a high specific capacitance of up to 950 F g-1 in aqueous electrolyte
and 430 F g-1 in organic electrolyte [44]. An electrodeposited porous PPy electrode
exhibited a high specific capacitance of 480 F g-1 in aqueous electrolyte. However, the
swelling and shrinking effects occurring during long term cycling lead to the structural
degradation of CPs and capacitance fading.

Transition metal oxides or hydroxides are another important group of materials for
pseudocapacitors, as they can deliver higher capacitance than carbon materials and offer
longer term stability than conducting polymers. Ruthenium oxide (RuO2) is a
representative one because it is conductive and has three oxidation states in a potential
range of 1.2 V; affording a very high specific capacitance of up to 1580 F g-1 [45]. There
19

have also emerged many other types of metal oxides that are cheaper and more
environmentally friendly, such as MnO2, Co3O4/Co(OH)2, NiO/Ni(OH)2 and
Fe2O3/Fe3O4; they all have demonstrated outstanding pseudocapacitive performance [4649]. For instance, a MnO2 hollow sphere based electrode showed an excellent specific
capacitance of 299 F g-1 in aqueous electrolyte [48].

1.3.2

Electrode materials for lithium-ion batteries

1.3.2.1 Cathode materials
The selection of cathode materials for LIBs is mainly from two classes of lithiated metal
oxides, based on their structures. Compounds in the first class have closely-packed
layered structures, in which lithium ions are inserted into the empty layers. This type of
materials includes LiCoO2, LiNiO2 and LiNi1-xCoxO2; among them LiCoO2 is the cathode
material used in the first commercial LIB by Sony in 1991 [31]. The second group of
materials have more open three-dimensional structures, such as LiMn2O4 and LiFePO4.
For comparison, materials in the first group usually have higher energy storage per unit
of volume owing to their more compact lattices, while materials in the second group are
more cost-effective.

1.3.2.2 Anode materials
Lithium metal was the first anode material for secondary lithium batteries due to its high
specific capacity. However, they suffer from the formation of lithium dendrites during
the charge/discharge cycles, which may cause short circuit in the cells resulting in
catching fire or even explosion of the battery. Carbonaceous materials have been
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developed as anode materials for LIBs. In Sony’s first LIB product, petroleum coke was
used as anode material with a capacity of 180 mAh g-1 [50]. Currently, graphite is the
widely used anode material because it has a high theoretical capacity of 372 mAh g-1 by
forming a compound LiC6 [51]. Additionally, it shows a low potential of 0.15-0.25 V vs.
Li metal, allowing a high overall working voltage in LIB full cells. One-dimensional
carbon nanotubes have the potential to remarkably enhance the battery performance
because of their high surface-to-volume ratio and short diffusion length for ions, which is
beneficial for the kinetic properties of batteries [52, 53]. For example, single-walled
CNTs (SWCNTs) can be charged with up to one lithium ion per three carbons and even
higher [54]. The experimentally determined specific capacity of CNTs can be over 1000
mAh g-1, much higher than that of graphite [55-57].

Lithium-metal alloys have also attracted extensive interest as LIB anode candidates due
to their high specific capacity and safety characteristics. The alloyed metals are typically
Si, Sn, Ge, and Al. Their theoretical capacity can be 2-10 times higher than that of graphite,
such as a theoretical capacity of 3579 mAh g-1 for Si-based anodes [58-60]. They also
have a reasonable operation potential vs. Li (0.4-0.9 V). However, the main challenge for
these anode materials is the large volume change (up to 150-300%) associated with
repetitive Li insertion and extraction that causes poor electronic conductivity and capacity
loss.

Briefly, a conclusion can be made that all the above-mentioned materials have
demonstrated good performance in traditional SCs or LIBs. However, most of these
materials are used in the form of powders with rigid microstructures and not suitable for
applications as flexible electrode, such as typical activated carbons for SC electrodes,
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graphite for LIB anodes and lithiated metal oxides for LIB cathodes. They are typically
mixed with conductive additives and polymer binders to form a slurry to be coated on
current collectors. Upon bending, such kinds of electrodes normally suffer from the
detachment of active materials from the current collectors. In addition, the additives and
binders are considered as “dead volume and weight”, which hardly contribute to energy
storage thus reducing the volumetric and gravimetric capacitance/capacity. In this regard,
significant efforts have been devoted into the search for new materials which should
possess both superior electrochemical and mechanical properties, and they can be
fabricated into flexible electrodes that are free of binders and conductive additives.

1.4

Two-dimensional (2D) materials for flexible electrodes

1.4.1

Advantages of 2D materials

The discovery of one single-layer graphene in 2004 by Novoselov and Geim [61] has led
to the booming research in a new family of two-dimensional (2D) materials. 2D materials
with ultra-thin layered structures are considered to have promising applications in
different areas owing to their fascinating physical properties, including outstanding
mechanical and thermal properties, extra-large surface area and unique electronic
properties. In recent years, studies of 2D materials for flexible energy storage have
attracted great attention. The ultra-thin nature (down to single- or several-atom thick) of
2D materials enables the synergistic merits of their high specific surface area and
excellent electrical properties as well as superior electrochemical activities [62]. The 2D
materials have demonstrated excellent electrochemical properties and considered as
superior electrode materials in conventional energy storage/conversion devices [63, 64].
The high mechanical integrity derived from the large overlapping areas of the 2D
22

nanosheets allows the formation of strong and flexible thin films that can be used directly
as flexible electrodes [65]. Moreover, graphene and its derivatives can offer large
numbers of active sites for growth of other electroactive materials [21, 66], allowing easy
formation of composites thus further expanding the materials family.

To date, many kinds of 2D materials have been discovered, including graphene, transition
metal dichalcogenides (TMDs), hexagonal boron nitrides (h-BN), MXenes and other 2D
compounds [62]. Besides graphene, TMDs have been considered as promising energy
storage materials owing to their large surface area and inherent electrochemistry derived
from their multiple oxidation states [62]. h-BN has a similar honeycomb structure as
graphene, which is intrinsically insulative and not suitable for energy storage applications
[67]. MXenes typically refer to transition metal carbides, nitrides and carbonitrides,
which have also been demonstrated in recent studies as good candidates for energy
storage materials [68]. The work in this thesis focuses on two typical 2D materials:
graphene and molybdenum disulfide (MoS2, a member of TMDs); and are detailed as
follows.

1.4.2

Fabrication methods of 2D materials

Various methods have been developed to fabricate ultra-thin 2D materials. Generally,
they can be classified as bottom-up and top-down methods.

1.4.2.1 Bottom-up methods
Bottom-up methods are based on direct synthesis of 2D materials using various precursors
by chemical reactions. Chemical vapor deposition (CVD) is a commonly applied method
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to produce highly crystalline 2D materials with controllable size and thickness on solid
substrates [69, 70]. However, such method is limited by the complicated and expensive
procedures which involve high vacuum, high temperature, and specific substrates. Wet
chemical synthesis is another common bottom-up method which mainly includes
hydrothermal and solvothermal reactions [71-73]. For example, MoS2 can be
hydrothermally synthesized using molybdenum source reagents (e.g., Na2MoO4,
(NH4)6Mo7O24) and sulfur source reagents (e.g., thiourea, L-cysteine). Compared with the
CVD method, wet chemical synthesis can be used for large-scale production with
relatively low cost, whereas the quality of the products is relatively low.

1.4.2.2 Top-down methods
2D materials prepared by top-down methods are from exfoliation of their bulk crystals,
including mechanical exfoliation [61, 74], liquid exfoliation [75-77] and intercalationassisted exfoliation [78-81]. Mechanical cleavage can be performed by the Scotch-tape
method [61] (Figure 1.9a) or atomic force microscopy (AFM) cantilevers [74], by which
2D nanomaterial with a few layers or even one single layer can be acquired from the bulk
crystals surface. Such method is time-consuming with very low yield, however, the
obtained 2D nanomaterials can remain in their pristine structure and properties, which are
suitable for the fundamental studies of the structure-property relationship.

Liquid exfoliation and intercalation-assisted exfoliation are able to produce 2D
nanosheets in large throughput. The liquid exfoliation is commonly carried out in solvents
with the assistance of ultrasonication (Figure 1.9b). The prerequisite for efficient
exfoliation is the good matching of surface energy between solvents and produced
nanosheets [75, 76]. N-methylpyrrolidone (NMP) and N,N-dimethylformamide (DMF)
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are two applicable solvents for effective exfoliation. The drawback of this method is the
relatively low yield, long processing time and less control over the dimension of
nanosheets. The intercalation-assisted exfoliation relies on the expansion of interlayer
distances with weakened van de Waals interaction between the layers of bulk crystals by
intercalating ions or molecules into the interlayer spacing (Figure 1.9c). With the
subsequent ultrasonication treatment in solvents, single- or few-layers 2D nanosheets can
be readily exfoliated from these intercalated bulk crystals. The commonly applied
intercalatants are organometallic compounds such as butyllithium [79, 81], or small
molecules such as H2O [82] or NH3 [83]. Intercalation of ions (e.g. Li+ and H+) can also
be performed electrochemically, and the amount of intercalated ion can be monitored and
controlled [80, 84].

Figure 1.9 Schematic illustration of the exfoliation of 2D nanosheets: (a) Scotch-tape
method and (b) ultrasonication-assisted liquid exfoliation [85]; (c) intercalation-assisted
exfoliation [86].
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A most popular approach to produce graphene nanosheets is via liquid-phase exfoliation
of graphite oxide precursor that is synthesized by the Hummers method [87]. Bulk
graphite is first oxidized into graphite oxide with enlarged interlayer space by strong
oxidizing agents such as NaNO3 and KMnO4, and then exfoliated into graphene oxide
(GO) sheets under ultrasonication [88] (Figure 1.10). GO sheets are electrically insulating
because of the disrupted sp2 bonding networks. To restore their conductivity, GO sheets
are usually reduced through chemical reduction [89], thermal annealing [90] or
electrochemical reduction [91].

Figure 1.10 Schematic illustration of synthesis of graphene oxide (GO) from graphite
[92].

1.4.3

Graphene for flexible electrodes

Graphene is a one-atom-thick single layer of sp2-bonded carbon which can be regarded
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as basic building units for other 0D, 1D and 3D carbon materials (Figure 1.11) [93]. It is
a promising alternative material in the electrochemical energy storage field because it
possesses many unique properties including ultra-high theoretical specific surface area
(SSA, ~2630 m2 g-1), light weight, excellent chemical and thermal stability, large potential
windows, high electrical conductivity and outstanding mechanical properties [88, 94].
Also, theoretical studies have revealed that single layer graphene sheets can offer a high
theoretical electrochemical double layer capacitance of 550 F g-1 in a SC [95] and a
theoretical capacity of 774 mAh g-1 in a LIB [96], superior than those of traditional carbon
materials.

Figure 1.11 2D graphene as building units for other dimensional carbon materials [93].

Graphene-based flexible electrodes can be easily fabricated into free-standing film
electrodes [97-99], substrate supported electrodes [100-102] and fibre electrodes [103-
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104] (Figure 1.12). Early reports mainly focused on the investigation of these 2D
electrodes with restacked graphene sheets, while development of novel 3D structured
electrodes has become the theme in recent research, by which the potential of graphene
may be fully realized.

Figure 1.12 Schematic illustration of graphene-based flexible electrodes: (a) freestanding electrodes, (b) substrate supported electrodes [95] and (c) fibre electrodes [104].

1.4.3.1 Free-standing graphene-based electrodes
Free-standing graphene film, also known as graphene paper, is commonly used as
electrodes for flexible energy storage devices because it is thin, flexible and lightweight.
More importantly, it can be easily fabricated through different solution processing
methods using graphene-based dispersions, including spin-coating [106], LangmuirBlodgett [107], layer-by-layer deposition [108], and vacuum filtration [89, 109]. The
electrochemical energy storage properties of graphene paper were firstly characterized by
Wang et al. [109], whereby a very low reversible capacity of 84 mAh g-1 was delivered
at the second cycle. This is mainly attributed to the compact film structure related with
the restacking of graphene sheets via the strong π-π interaction and van der Waals forces
between them. For the applications in EDLCs, such issue could be fatal as well because
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it results in significant reduction of accessible surface area in electrodes for charge
accumulation. An ultra-thin graphene film (25 nm) only delivered a moderate capacitance
of 111 F g-1 [100], far below its theoretical capacitance. Strategies to overcome the
restacking of graphene nanosheets have been developed, mainly including incorporation
of nanomaterials as spacers or creation of 3D porous structures.
1.4.3.1.1 Introduction of spacers
The introduced spacers can directly occupy the interlayer space of graphene nanosheets,
preventing them from face-to-face restacking. The applied spacer materials can be either
electrochemically inert or active species. Non-redox-active spacers include carbon
materials [110, 111], polymers [112] and even solvent molecules [97, 88]. For example,
restacking of graphene sheets is suppressed by introduction of carbon black nanoparticles
[110], and the obtained composite paper delivered a capacitance of 138 F g-1 at a scan
rate of 10 mV s-1 in 6 M KOH with nearly no capacitance loss over 2,000 cycles at 10 A
g-1. The hybridization of highly conductive CNTs with graphene oxide nanosheets not
only prevented the restacking of graphene when forming films (12 μm thick), but also
facilitated effective electrochemical reduction of GO. As a result, an excellent rate
capacitance of 90 F g-1 at a current density of 100 A g-1 has been delivered, compared to
that 30 F g-1 at 30 A g-1 for graphene-only film [111].

Solvent molecules have also been employed as spacers. Yang and co-workers reported a
chemically converted graphene film solvated in water with well-separated graphene
sheets, showing an open pore structure for easy access of electrolyte [97]. This film
delivered a large specific capacitance as high as 215 F g-1 at 0.1 A g-1, an excellent rate
capacitance of 156.5 F g-1 at an ultrahigh current density of 1080 A g-1. Another work
from the same group showed a chemically converted graphene hydrogel film with
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controllable packing density by changing the ratio of contained volatile water and nonvolatile liquids [98]. A film with a high density of 1.33 mg cm-3 (mass loading 1.25 mg
cm-2) was obtained after removal of volatile solvent (Figure 1.13). It delivered a high
volumetric capacitance of 255.5 F cm-3 in 1 M H2SO4 and 261.3 F cm-3 in organic
electrolyte of 1 M EMIMBF4 at 0.1 A g-1.

Figure 1.13 (a) Photo of a flexible EM-CCG film; (b, c) SEM images of cross-sections
of EM-CCG films with a mass loading of 0.42 and 1.33 mg cm-3; (d) volumetric
capacitances of EM-CCG films at various current densities (red line shows the
capacitance of films with ρ=1.33 mg cm-3) [98].

Although non-redox-active spacers can help establish open structures, they hardly
contribute to the electrochemical performance. Redox-active spacers such as conducting
polymers [113-115] and metal oxides [116, 117] can perform these two functions at the
same time. In supercapacitors, such layer-by-layer structure can achieve a synergistic
effect in that conductive graphene nanosheets provide a high surface area and act as
electron pathway, while the electrochemically active spacers can provide additional
pseudocapacitance and create porous structures (Figure 1.14a). Graphene/polyaniline
(PANI) nanofibres composite films prepared by vacuum filtration demonstrated a
sandwiched structure, where PANI nanofibres were evenly spaced between graphene
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layers [113]. Such film showed a specific capacitance of 210 F g-1 at 0.3 A g-1, and a high
capacitance retention rate of 94% at an increased current density of 3 A g-1. Meanwhile,
layer structured graphene/Ni(OH)2 hybrid films (mass loading 3 mg cm-2) via filtration
(Figure 1.14b-d) showed well enhanced gravimetric (~ 573 F g-1) and volumetric (~ 655
F cm-3) capacitances [117]. Moreover, the corresponding flexible device demonstrated a
consistent capacitive performance upon subjection to bending at different angles.

Figure 1.14 (a) Schematic illustration of merits of 3D layer-by-layer structure of
graphene intercalated with pseudocapacitive layer. (b, c) SEM images of the cross-section
of graphene/Ni(OH)2 hybrid films; inset photo shows the flexibility; (d) cyclic
voltammograms (CVs) of the flexible supercapacitors measured at different bending
angles of 0°, 90°, and 180°[117].

Incorporation of aforementioned lithium storage materials in free-standing graphene
paper can also deliver remarkably enhanced performance as LIB anodes. For example, a
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free-standing SnO2/graphene composite film (15 μm thick) as flexible anode for LIBs has
been reported by Wang et al., exhibiting a specific capacity of 760 mAh g-1 at 8 mA g-1
and 225 mAh g-1 at 80 mA g-1 between 0.02 and 1.5 V [118]. Lee and co-workers
hybridized Si nanoparticles with graphene oxide nanosheets, resulting in free-standing
films via filtration followed by thermal reduction. The hybrids exhibited high lithium
storage capacities of >2200 mAh g-1 after 50 cycles and >1500 mAh g-1 after 200 cycles
with a decreasing rate of 0.5% per cycle [119].

1.4.3.1.2 Creation of 3D porous structures
Fabricating conductive graphene nanosheets into a 3D porous architecture is another
commonly employed strategy to improve the energy storage performance of flexible
electrodes. Graphene-based porous materials have several advantages. First, graphenebased porous frameworks have superior stability against shrinkage or collapse due to the
high mechanical strength of graphene with large aspect ratio. Second, the created
channels in these porous materials are beneficial to the rapid diffusion of electrolytes, and
the highly conductive graphene sheets can act as an ideal current collector for fast
transport of electrons within the porous frameworks. Third, the excellent chemical and
thermal stability of graphene allow these porous materials to endure a wide range of
conditions. Fourth, graphene oxide containing rich oxygen functional groups can bind
with various organic or inorganic species, affording the possibility of creating graphenebased porous composites.
Micro- or mesoporous graphene can be prepared by chemical activation. The micro- or
mesopores are usually formed within the basal plane of graphene sheets. Zhang and coworkers fabricated a free-standing and flexible porous graphene film (7-30 μm thick)
through KOH activation [120] (Figure 1.15). A mixture of micropores (~1 nm) and
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mesopores (~3.6 nm) was present in such films affording an ultra-high SSA of 2,400 m2
g-1 and an in-plane electrical conductivity of 5,880 S m-1. The porous film displayed a
high specific capacitance of 120 F g-1 at a high current density of 10 A g-1 in organic
electrolyte. A 3D hydrogel has also been prepared by hydrothermally treating a GO
dispersion with H2O2 [121]. The activation process created in-plane holes in the graphene
sheets, resulting in a high SSA of 1560 m2 g-1. The holey graphene film electrode (120
μm thick) delivered a gravimetric capacitance of 298 F g-1 and a volumetric capacitance
of 212 F cm-3 in organic electrolyte.

Figure 1.15 Schematic illustration of the fabrication process of KOH-activated graphene
film [120].

Macroporous graphene films with pore sizes ranging from sub-micrometres to several
micrometres can be fabricated in a controllable manner by using templates (hard
templates and soft templates). Polymer nanoparticles [122, 123] and metal or metal oxide
frameworks [124-126] are the commonly used hard templates. For example, using
monodisperse polymethyl methacrylate (PMMA) spheres as a template, a PMMA/GO
film with a sandwich structure was fabricated via filtration [122]. After removal of
PMMA by a calcination process at 800 oC and the concomitant reduction of GO, a
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macroporous graphene film was obtained with well-maintained hollow “bubble” structure
(Figure 1.16). This film showed a moderate capacitance of 92.7 F g-1 at 50 mV s-1 but an
excellent capacitance retention rate of 67.9% at scan rates from 3 to 1,000 mV s-1.

Figure 1.16 (a) Schematic illustration of the fabrication process of macroporous bubble
graphene film; the obtained film before (b) and after (c) calcination; (d) cross-sectional
SEM image of the film; (e) CVs of the macroporous graphene film (MGF) and compact
graphene film (CGF) at 50 mV s-1 [122].

A 3D porous structure can also be created using soft templates such as liquid droplets
[127, 128]. In a report by Lee et al., the polymer-modified GO dispersion in benzene was
cast onto a SiO2 substrate and exposed to a humid air flow [127]. During the endothermic
evaporation of benzene, the condensation and close packing of water droplets at the
organic solution surface created macropores (Figure 1.17). The pore size and numbers of
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porous layers can be tuned by changing the concentration of organic precursor dispersion
and length of polymer chains grafted on the GO surface. The resultant macroporous
nitrogen-doped graphene electrode (3.8 μm thick) delivered a high specific capacitance
of 103.2 F g-1 in 1 M H2SO4.

Figure 1.17 (a) Schematic illustration of the fabrication process of macroporous carbon
films; (b) SEM image demonstrating the macroporous structure; (c) photo shows the
flexibility of the film [127].

Alternative template-free fabrication methods have also been developed that can avoid
the costly or tedious procedures of preparation of templates. A porous graphene film was
fabricated through a leavening method resembling the bread baking process [129]. The
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GO paper acquired by filtration was used as “dough”, and the reductant hydrazine vapor
was the foaming agent. Hydrazine vapor can induce the generation of gaseous species
(e.g. H2O and CO2), creating open pores (Figure 1.18). The specific capacitance of this
reduced graphene oxide (RGO) foam was 110 F g-1. It also showed nearly no difference
in capacitive behaviour at a bent state.

Figure 1.18 (a) Schematic illustration of the process to prepare RGO foams. (b, c) SEM
images of cross-sectional view of porous RGO films. (d, e) Schematic diagram and photo
of the flexible RGO film supercapacitor. (f) CVs of the RGO film supercapacitor under
unbent or bent states [129].

Gelation is another simple and effective way to produce flexible electrodes with a 3D
macroscopic structure [130]. The mechanism of gelation lies in the fact that graphene
sheets containing a large amount of conjugated structures can provide abundant sites for
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strong π-π stacking. In a typical example, graphene hydrogel could be spontaneously
formed on the surface of a piece of zinc metal plate along with the reduction of GO in the
dispersion [130]. A porous structure was readily formed by interconnecting graphene
sheets in a quasi-parallel manner. The pore size was ranging from tens of nanometres to
several micrometres. This method demonstrated the possibility of fabricating graphene
hydrogel films on a large scale. When applied in supercapacitors, the porous graphene
film (over 50 μm thick) exhibited a high areal capacitance of 33.8 mF cm-2 at 1 mA cm-2,
and a high capacity retention rate of 97.8% over 4,000 charge/discharge cycles. The
hydrothermal route is also a popular method to fabricate graphene hydrogels. Graphene
hydrogel films were fabricated through a typical hydrothermal route followed by
squeezing out most of the entrapped water to increase the contact within the graphene
skeleton without collapse of the 3D porous structure, leading to improved electrical
conductivity [99] (Figure 1.19). The resultant all-solid-state flexible supercapacitor
device with a ~ 120 µm thick film delivered a high gravimetric capacitance of 186 F g-1
and an enhanced areal capacitance of 372 mF cm-2.
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Figure 1.19 (a) Schematic illustration and (b) photos of the fabrication process of flexible
all-solid-state supercapacitors using graphene hydrogel films; SEM images of the porous
structure of the film before (c, d) and after (e, f) pressing [111].

Graphene hydrogels have also been applied in lithium ion batteries. Xu et al. prepared
solvated graphene frameworks (SGF) by infiltrating graphene hydrogel with 1 M LiPF6
in ethylene carbonate/diethyl carbonate electrolyte [131]. With a complete load of
electrolyte, this SGF offered a large electrode/electrolyte interface for effective and rapid
lithium-ion diffusion into the entire graphene network, including the deeply buried
locations within the stacked graphene layers. It (30 µm thick) delivered a very high
reversible capacity of 1158 mAh g−1 at a charge/discharge rate of 0.1 A g−1, 2.6 times
higher than that of unsolvated graphene frameworks (439 mAh g−1). Moreover, the SGFs
show superior rate capabilities with a significant capacity of 472 mAh g−1 at a high current
density of 5.0 A g−1 and a high capacity retention of 93 % over 500 charge/discharge
cycles at 5.0 A g−1.

In addition, many other techniques to fabricate macroporous graphene films have been
developed, such as direct freeze-drying [132], laser scribing [133], electrochemical
leavening [134] and 3D printing [135].

1.4.3.2 Substrate-supported graphene-based electrodes
To fabricate flexible graphene-based electrodes with large mass loading as well as high
mechanical robustness for practical productions, significant efforts have been made to
combine electrode active materials with mechanically strong and flexible substrates.
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The lightweight and robust substrates such as polyethylene terephthalate (PET) [100, 102],
cellulose paper [101], sponges [136] and textiles [137], are non-conductive. Graphene
can be filtered [101], dip-coated [136] or printed [102] onto these substrates from the
dispersions. For instance, Cheng et al. fabricated a flexible graphene-cellulose paper
(GCP) membrane by a simple filtration of a graphene nanosheets dispersion through
cellulose paper [101]. The graphene nanosheets tightly attached to the cellulose fibre and
filled the pores, forming a conductive interconnected network (Figure 1.20). The resulting
film displayed much higher mechanical strength than that of graphene paper. Such a
flexible electrode delivered an areal capacitance of 81 mF cm-2 and a gravimetric
capacitance of 120 F g-1 when only taking the mass of graphene into account. The allsolid-state supercapacitor based on these graphene-cellulose films with H2SO4-PVA gel
electrolyte exhibited excellent stability of capacitive performance with or without
bending.
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Figure 1.20 SEM images of the filter paper with different graphene nanosheets (GNS)
loading amounts: (a) 0 wt%, (b) 2.3 wt%, and (c) 7.5 wt%; (d) illustration of the structural
evolution of GCP as the GNS loading increases; (e) stress-strain curves of the GCP
membrane and graphene paper; (f) CVs of GCP-based flexible supercapacitors at 2 mV
s-1 at normal or bent state [101].

The commonly used flexible conductive substrates are metal- or carbon-based, including
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metal foils [138, 139], stainless steel meshes [140] and carbon cloth [141]. Thus some
technologies which cannot be used for non-conductive polymer-based substrates can be
employed for these conductive substrates, such as CVD growth [138, 139] and
electrochemical deposition [140, 141]. For example, Wei and co-workers grew monolayer
graphene on Cu foil using the CVD method [138]. The obtained electrode was directly
used and combined with a Li foil to form a flexible battery device (Figure 1.21). The
assembled ultra-thin lithium battery with a total thickness of ~50 μm gave a high energy
density of 10 Wh L-1 and a high power density of 300 W L-1. Highly porous graphene can
be electrophoretically deposited on a conductive carbon cloth substrate by using smallsized graphene nanosheets [141]. Such porous electrode with an enlarged surface area
displayed a much larger specific capacitance of 79.19 F g-1 than that of the electrode
deposited with large-sized graphene (32.35 F g-1).
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Figure 1.21 (a) Photo of a monolayer graphene grown on Cu foil; (b, c) a flexible
graphene battery in the bent state; inset of (c) showing the sandwich structure of the
battery: (I) graphene on Cu foil, (II) polymer electrolyte, and (III) lithium foil; (d) the
battery powering a LED [138].

1.4.4

Molybdenum disulfide (MoS2) for flexible electrodes

The intensive study of graphene has inspired new discoveries of 2D inorganic graphene
analogue (IGA) materials. Transition metal dichalcogenides (TMDs) are one type of
IGAs that have drawn tremendous attention in recent years. They have been demonstrated
in applications such as: lubrication [142], catalysis [143], photovoltaics [144] and energy
storage systems [62]. TMDs can be described with a general formula, MX2, where M
refers to the transition metals including Mo, W, V, Nb, Ta, Ti, Zr, Hf, and where X refers
to the chalcogens S, Se and Te. Layered TMD crystals are consisted of stacked planes of
MX2 sandwich structures formed by covalently bonded chalcogen and transition metal
atoms while the van der Waals interactions connect the neighbouring layers (Figure 1.22).
Based on the coordination of transition metal atoms by chalcogens, TMDs usually have
two different polytypes, 2H and 1T. In 2H-MX2, the coordination is trigonal prismatic
while the coordination in 1T-MX2 is octahedral.
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Figure 1.22 (a) The layered structure of MoS2 [145]; Crystal structures of MoS2 in 2H
phase (b) and 1T phase (c) [146].

Molybdenum disulfide (MoS2) as the most representative member of the TMD family,
has received extensive studies in the field of energy storage. Its layered structure endows
MoS2 nanosheets with a large surface area that favours the double layer capacitive
behaviour. Meanwhile, the inherent electrochemistry of MoS2 affords large oxidative and
reductive waves upon potential scanning. It is also a promising alternative material for
LIB anodes as it possesses a large theoretical capacity of 670 mAh g-1 [147]. Combined
with its excellent mechanical properties [148] and low cost, MoS2 can be regarded as a
potential electrode candidate for flexible energy storage applications.

Although there have been intensive reports on MoS2-based materials as electrodes for
conventional SCs and LIBs [149, 150], those for flexible electrodes are still limited.
Chhowalla et al. first reported a MoS2 thin film prepared by vacuum filtration of
chemically exfoliated MoS2 nanosheets [79]. Such film showed flexibility with the
support of a polyimide substrate (Figure 1.23). With a high content of metallic 1T phase
MoS2, the film (5 µm thick) had a good conductivity (10-100 S cm-1) and delivered a high
43

capacitance in a range from ∼400 to ∼700 F cm−3 at a scan rate of 20 mV s−1 in a variety
of aqueous electrolytes. It also showed great cycling stability with a capacitance retention
rate greater than 93% in neutral electrolytes and over 97% in acidic electrolytes over
5,000 cycles. Excellent capacitive performance of 1T MoS2 was then demonstrated in
organic electrolytes with a 3 V potential range, where capacitances as high as 199 F
cm−3 in TEABF4/MeCN and 250 F cm−3 in EMIMBF4/MeCN were obtained at 5 mV s−1.

Figure 1.23 (a) Photo of 1T MoS2 film on a flexible polyimide substrate; (b) Side view
of the film observed by SEM; (c) Capacitance retention after 5,000 cycles in 0.5 M Li2SO4,
H2SO4 and 1 M TEABF4 in acetonitrile [79].

Similar to graphene, exfoliated 1T-MoS2 nanosheets are also likely to restack
spontaneously with a phase transfer to semiconducting 2H-MoS2, resulting in poor rate
capability due to its low conductivity [79]. The commonly applied strategy to address
such issue is to incorporate MoS2 nanosheets with conductive species such as carbon
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materials [151-153] and conducting polymers [154]. Hybridization of MoS2 nanosheets
with 2D layered graphene with large aspect ratio and remarkable mechanical properties
would be expected to be ideal for fabricating flexible MoS2/graphene composites with
improved conductivity. For example, flexible MoS2-graphene film was fabricated via
vacuum filtration of a mixture of commercial graphene and exfoliated MoS2 nanosheets
[152]. The film (0.5 µm thick) delivered an areal capacitance of ∼11 mF cm-2 at 5 mV s1

with a remarkably elevated capacitance (up to 800%) during 10,000 times cycling in a

symmetrical coin cell configuration in an aqueous electrolyte.

Hydrothermal synthesis of MoS2 nanosheets has also been applied to fabricate flexible
electrodes. Javed et al. firstly synthesized MoS2 nanospheres via a typical hydrothermal
route, which were then dispersed in water and deposited on carbon cloth through vacuum
filtration [155]. Such MoS2-based electrode showed no obvious changes in the CV and
charge/discharge curves at different bending angles in an all-solid-state supercapacitor
(Figure 1.24). Li et al. hydrothermally deposited MoS2 nanosheets onto the carbon
nanotube (CNT) paper forming flexible free-standing composite electrodes [156]. When
characterized as an anode (mass loading 0.2 mg cm-2) in lithium-ion batteries, a high
capacity of 1053 mAh g-1 was delivered at a current density of 0.05 A g-1 and 684 mAh
g-1 at a high current density of 10 A g-1, showing superior rate capability. Moreover,
compared with the rapid capacity fading of bulk MoS2 electrodes, a greatly improved
cycling stability was shown as well, with a high capacity retention rate of 90% over 100
cycles at 0.1 A g-1.
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Figure 1.24 (a) Photo showing the flexibility of the of all-solid-state supercapacitor; (b)
the CV curves at a scan rate of 100 mV s-1 and (c) charge/discharge curves at 0.8 mA
recorded under different bending angles [155].

1.5

Thesis objective

To summarize, 2D materials graphene- and MoS2-based flexible electrodes have
demonstrated that they are promising candidates for applications in flexible energy
storage devices. However, as a key factor in determining the performance of flexible
energy storage system, these flexible electrodes have not been commercialized yet. There
still large room for improving their electrochemical and mechanical properties. The
electrochemical properties of these 2D materials have not been thoroughly realized in
flexible electrodes. The biggest challenge is that these 2D nanosheets are prone to restack
or even agglomerate during the electrode fabrication process, owing to the strong Van der
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Waals interaction between nanosheets. The formed compact structure suffers from
dramatic loss of accessible surface area, hampering the ion transport inside the electrode
and leading to the decreased capacitance/capacity as well as poor rate and cycling
performance. For MoS2 nanosheets, another issue that needs to be addressed is the semiconductive nature of 2H-MoS2, which predominantly exists in the MoS2-based materials.
Moreover, neat MoS2 film usually lacks mechanical robustness and flexibility because
MoS2 nanosheets are free of functional groups and the overlapped layers are only bonded
by weak Van der Waals forces. All these shortcomings limit the application of neat MoS2
nanosheets as flexible electrodes.

The goal of this thesis is to solve the above-mentioned problems by developing grapheneor MoS2-based composite systems with 3D porous structures via utilizing different
techniques. For supercapacitors, the restacking of graphene nanosheets can be effectively
alleviated by introducing spacers. In this regard, nanostructured polypyrrole nanoparticles
have been used as the spacer to create open pores and pseudocapacitance contributor in
the formed graphene/polypyrrole composite films. Improved capacitive performance is
expected. Meanwhile,

highly conductive

and mechanically strong poly(3,4-

ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS) has been incorporated
with MoS2 nanosheets to form free-standing hybrid films with enhanced flexibility and
electrochemical properties in supercapacitors. To realize the 2D materials-based flexible
electrodes for lithium-ion battery use, a novel electrochemical synthesis technique was
developed to grow molybdenum sulfide/graphene composite with a unique 3D porous
structure on a flexible stainless steel mesh substrate. A brief introduction of these works
in this thesis are described below.
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In Chapter 3, water-dispersible polypyrrole (PPy) nanoparticles have firstly been
synthesized and mixed homogeneously with a graphene oxide (GO) nanosheets
dispersion. Free-standing GO/PPy film was then fabricated through a simple vacuum
filtration process, then electrochemically reduced to form graphene/PPy film. The
selection of PPy as the spacer can introduce redox-active species to contribute additional
capacitance as well. The existence of PPy nanoparticles between graphene layers
effectively prevents them from restacking during filtration and creates open pores for easy
access of electrolyte. This composite film showed excellent mechanical robustness and
flexibility, and afforded significantly improved capacitive performance compared with
the compact graphene film. However, PPy nanoparticles could not provide sufficient
support and connection between MoS2 nanosheets to form free-standing MoS2/PPy film.
This lead to the exploration of a new supportive material in the next chapter.

To address the poor mechanical property and electrical conductivity of neat MoS2 film, a
conducting polymer PEDOT:PSS was used as a supportive material to fabricate freestanding and flexible hybrid film in Chapter 4. PEDOT:PSS plays triple roles in this work.
First, highly water-dispersible PEDOT:PSS is able to be homogeneously mixed with the
exfoliated MoS2 nanosheet aqueous dispersion and evenly distributed in the obtained film,
preventing the nanosheets from restacking. Second, PEDOT:PSS forms a rigid polymer
matrix in the hybrid film, resulting in good enhancement of mechanical properties. Third,
PEDOT:PSS as a conducting polymer network offers improved electrical conductivity of
the film. The mechanical and electrochemical properties of the hybrid film was
characterized, demonstrating high tensile strength and large capacitance. In this chapter,
the mechanical integrity of the electrodes had also been demonstrated in the all-solid-state
supercapacitor devices, showing their great potential in practical applications.
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Introducing conducting polymer into restacked graphene or MoS2 nanosheets can form a
hybrid film with porous structures, which has demonstrated remarkably improved
electrochemical properties as supercapacitor electrodes. The advantages of those 2D
nanosheets are further demonstrated in lithium-ion batteries. A similar strategy was
applied by utilizing their large aspect ratio for anchoring nanocomposites with electroactive properties, where 2D nanosheets act as backbones for constructing the unique
micro-/nanostructures.

In Chapter 5, a novel electrosynthetic route was developed to fabricate the molybdenum
sulfide (MoSx)/graphene composite to be used as the flexible anode material for lithiumion batteries. Flexible stainless-steel mesh was applied as substrate for the deposition.
Graphene oxide nanosheets act as templates for the growth of MoSx, forming a nanogranular surface. The random stacking of these composite nanosheets creates a 3D porous
structure. All these structural features are favourable for ion diffusion and charge
transport. This composite was then investigated for lithium storage, exhibiting high
capacity and exceptional rate performance. The mechanism for such good rate capability
was further studied and was observed to be mainly due to the dominant proportion of
pseudocapacitive behaviour of the composite.

In Chapter 6, a step forward was made to the application of the lithium-ion battery at high
temperature, in order to lift the thermal stability of batteries. Here, a non-flammable ionic
liquid (IL) was employed as electrolyte to replace the commonly used organic solventbased electrolyte. However, the IL electrolyte with high viscosity has low mobility of
ions, limiting rate capability of the cells. Therefore, the electrochemically synthesized
MoS2/graphene composite electrodes with a 3D porous structure became of interest, as it
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is able to facilitate the diffusion of viscous IL electrolyte into the inner structure of the
electrode. The performance of the cell using the configuration of composite electrode and
IL electrolyte was investigated. The results show that it performed with not only
comparable rate capability and cycling stability with the cell using commercial electrolyte
at room temperature, but with even higher rate capacity and excellent cycling stability at
an elevated temperature of 50 oC.
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2.

Experimental

In this chapter, chemicals and materials used in this doctoral work are summarized and
presented as well as the general preparation methods of materials and characterization
techniques.

2.1

List of chemical reagents and materials

Chemical reagents and materials used in this work are listed below. They were used asreceived unless otherwise stated.

Table 2.1 List of chemical reagents and materials used in this thesis.
Reagents/Materials

Formula

Grade/Batch

Supplier

Ammonium
tetrathiomolybdate

(NH4)2MoS4

Analytical

Sigma-Aldrich

Electrolyte for lithium-ion
batteries

1M LiPF6 in
EC/DEC

Battery grade

Sigma-Aldrich

Graphite powder

C

Analytical

Qingdao Haida
Corporation

Hydrochloric acid

HCl

Analytical,
32%

Chemsupply

Hydrogen peroxide

H2O2

Analytical,
30%

Chemsupply

Intercalated graphite

C

Analytical

Asbury Carbon

Iron(III) chloride
hexahydrate

FeCl3·6H2O

Analytical

Chemsupply

Lithium foil

Li

---

Ganfeng
Lithium

Lithium sulfate
monohydrate

Li2SO4·H2O

Analytical

Sigma-Aldrich
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Molybdenum disulfide
powder

MoS2

Analytical

Asbury Carbon

N-butyllithium

Analytical,
2.5M in
hexanes

Sigma-Aldrich

Poly(3,4ethylenedioxythiophene):p
oly(styrenesulfonate)

Analytical

Agfa Group

Polyvinyl alcohol

Analytical, Mw
31000-50000

Sigma-Aldrich

Polyvinyl alcohol

Analytical, Mw
124000-186
000

Sigma-Aldrich

Polyvinylidene difluoride
membrane filter

---

Pore size 0.22
μm, Ø90 mm

ADVANTEC

Potassium chloride

KCl

Analytical

Chemsupply

Potassium permanganate

KMnO4

Analytical

Sigma-Aldrich

Analytical,
distilled

Merck

Pyrrole

2.2

Sodium nitrate

NaNO3

Analytical

Sigma-Aldrich

Sodium sulfate

Na2SO4

Analytical

Chemsupply

Sulfuric acid

H2SO4

Analytical,
98%

Chemsupply

Synthesis and preparation

Here only the general synthesis and preparation methods are described in this chapter.
The specific methods are included in the experimental section of each following chapter.
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Chapter 3 describes the preparation of graphene-based free-standing film electrodes
incorporated with PPy nanoparticles for supercapacitors. Chapter 4 illustrates the
fabrication and application of MoS2 nanosheets-based free-standing film electrodes
hybridized with PEDOT:PSS for supercapacitors. Chapter 5 and Chapter 6 involve the
electrochemical synthesis of molybdenum sulfides and the molybdenum sulfidesgraphene composites for lithium-ion batteries. The general preparation methods and
techniques used are described as follows.

2.2.1

Synthesis of graphene oxide (GO)

Two types of GO were synthesized: (1) liquid crystal graphene oxide (LCGO) with large
sheet size of up to 10 μm; (2) regular graphene oxide with a medium sheet size of up to
1~2 μm.

Liquid crystal graphene oxide (LCGO). Intercalated graphite was thermally expanded at
1000 oC under argon atmosphere for 15 s to obtain expanded graphite (EG). The volume
expansion was over 800 times. EG (5 g) and sulfuric acid (1 L) were mixed and stirred in
a flask for 24 h. Then KMnO4 (50 g) was added dropwise into the mixture. The formed
mixture was transferred into an ice bath, then 1 L of Milli-Q water and 250 mL of H2O2
were poured slowly into the mixture. After being stirred for another 30 min, the formed
graphite oxide particles were collected, washed and centrifuged with a HCl solution (9:1
water/HCl by volume), then centrifuged again and washed with Milli-Q water until the
pH of the solution became 5-6. The resultant ultra-large GO sheets were dispersed into
deionized water by gentle shaking. LCGO was used in Chapter 3.

Graphene oxide with regular size. The GO used in Chapters 5 and 6 was synthesized via
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a modified Hummer’s method [1]. Typically, graphite powder (2 g) and NaNO3 (1 g) were
added into the concentrated H2SO4 (75 mL) in an ice bath, followed by gradual addition
of KMnO4 (5 g) under stirring. This mixture was stirred at room temperature for 6 days,
and then diluted with 5% H2SO4 (140 mL). It was stirred for another 2 h at 90 oC, followed
by addition of 30% H2O2 (5 mL). The resultant precipitate, graphite oxide, was rinsed
with HCl aqueous solution (1:10) and water. Graphite oxide was sonicated into water to
form graphene oxide dispersion, which was dialyzed for 1 week prior to use.

2.2.2

Fabrication of free-standing films

GO- or MoS2-based free-standing films were fabricated via vacuum filtration of the
corresponding aqueous dispersions through PVDF membrane filters (pore size 0.22 μm,
diameter 90 mm) (Figure 2.1). The formation of the films with highly ordered
macroscopic structures is originated from face-to-face restacking of 2D sheets, which is
induced by the force balance between the electrostatic repulsion and interplanar
interactions within graphene sheets [2]. Free-standing GO- or MoS2-based films can be
peeled off from the membrane filter after drying.
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Figure 2.1 Schematic illustration of a filtration set for preparing GO- or MoS2-based films.

2.2.3

Electrochemical synthesis of molybdenum sulfides

Molybdenum sulfides were electrochemically synthesized from a (NH4)2MoS4 aqueous
solution using a standard three-electrode system, which consists of a working electrode
(stainless steel mesh), a counter electrode (stainless steel mesh) and an Ag/AgCl reference
electrode. The electrochemical synthesis was performed via cyclic voltammetry in
Chapter 5, a constant potential method in Chapter 6. The detailed synthesis procedures
are described in Chapter 5 and Chapter 6.
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Figure 2.2 A three-electrode system for electrochemical synthesis of molybdenum
sulfides.

2.3 Supercapacitor and lithium-ion coin cell assembly
All the materials used in this thesis were either free-standing films or films on conductive
substrates. Hence, they were directly used as electrodes without using conductive
additives and binders.

Symmetric supercapacitors were assembled into Swagelok®-type two electrode cells. The
Swagelok® cell consists of a Teflon chamber, two stainless steel plungers and two stainless
steel caps (Figure 2.3). Two pieces of graphene- or MoS2-based films were contacted with
the plunger, and isolated by the separator. The Teflon chamber was filled with aqueous
electrolyte of 1M Li2SO4 or 1M Na2SO4.
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Figure 2.3 Configuration of a Swagelok®-type two-electrode testing cell for
supercapacitor.

Electrodes for lithium-ion batteries were tested in coin cells (LR 2032 type) and
assembled in an argon-filled glovebox (Mbraun, Unilab). The electrochemically
synthesized molybdenum sulfides-based electrode was used and coupled with a lithium
foil to construct the cell (Figure 2.4). They are separated by a porous polypropylene
membrane. The electrolyte used was either commercially available solution of 1M LiPF6
dissolved in the mixed solvents of ethylene carbonate (EC) and dimethyl carbonate (DMC)
(1:1 v/v), or ionic liquid-based electrolyte (see details in Chapter 6).
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Figure 2.4 Schematic configuration of a lithium coin cell.

2.4

Characterization

2.4.1

Physicochemical characterization techniques

2.4.1.1 Scanning electron microscopy (SEM) and energy-dispersive X-ray
spectroscopy (EDS)
The scanning electron microscope (SEM) is a kind of electron microscope that can be
used to capture the surface morphology of a sample by scanning it with a high-energy
beam of electrons [3]. The produced signals include secondary electrons, back-scattered
electrons (BSE), characteristic X-rays, light specimen currents and transmitted electrons,
which are then collected and analysed. The commonly used secondary electron imaging
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(SEI) mode allows the observation of the surface of a sample. The produced X-rays can
be detected by an energy-dispersive X-ray spectrometer equipped with SEM to acquire
the elemental composition of a sample.

The film samples were directly loaded onto an aluminium holder using carbon conductive
tape for SEM observation. All the SEM images in this work were taken on a JEOL
JSM7500 FA field emission SEM at an acceleration voltage of 5.0 kV and an emission
current of 10 μA. The energy-dispersive X-ray spectroscopy (EDS) was performed using
a Bruker X-Flash 4010 energy-dispersive X-ray detector with a 15.0 kV acceleration
voltage and a 20 μA emission current.

2.4.1.2 Transmission electron microscopy (TEM)
Transmission electron microscopy (TEM) uses a beam of electrons to transmit through
and interact with an ultra-thin specimen. Because of the small de Broglie wavelength of
electrons, TEM can produce images at remarkably high resolution down to atom scale [4].
It can be used to observe morphology, crystal structure and electronic structure of the
samples. The TEM images in this work were obtained on a 200 kV JEOL JEM-2200FS.
The samples were dispersed in ethanol and loaded onto a holey carbon support film on a
copper grid.

2.4.1.3 Atomic force microscopy (AFM)
Atomic force microscopy (AFM) is a type of scanning probe microscopy with a very high
resolution of several nanometres. It is mainly used for force measurement, imaging, and
manipulation. In this work, an Asylum MFP-3D AFM was used in tapping mode under
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ambient conditions for topographical scanning to characterize morphology and thickness
of the 2D nanosheets. The samples were prepared by dropping the diluted dispersion of
nanosheets onto a mica substrate.

2.4.1.4 Raman spectroscopy
Raman spectroscopy is a commonly used spectroscopic technique for identification of
molecules by investigating the vibration of chemical bonds and symmetry of molecules
[5]. It relies on Raman scattering of monochromatic light from a laser in the visible, near
infrared, or near ultraviolet range. In this work, Raman spectroscopy was applied to
identify the components in composites and structural variation of graphene oxide before
and after reduction. Raman spectra were acquired using a confocal Raman spectrometer
(Jobin Yvon HR800, Horiba) using 632.8 nm diode laser.

2.4.1.5 X-ray photoelectron spectroscopy (XPS)
X-ray photoelectron spectroscopy (XPS) is a surface-sensitive quantitative spectroscopic
technique which can provide the information of the material surface such as elemental
composition, chemical and electronic state of the elements and empirical formula. XPS
spectra are obtained by measuring the kinetic energy and number of electrons that escape
from the sample surface stimulated by an X-ray beam [6]. In this thesis, XPS data were
collected using a hemispherical energy PHOIBOS 100/150 analyser or an SES2002
analyser (Scienta). X-ray excitation was conducted by Al Kα radiation with photon energy
of 1486.6 eV.

71

2.4.1.6 X-ray diffraction (XRD)
X-ray powder diffraction is a technique used for determining the atomic and molecular
structure of a crystal [7]. It is usually used for determining the orientation of a single
crystal, measuring the average distance between layers of atoms and finding the crystal
structure of an unknown material. In this work, XRD was applied to investigate the
crystallinity of the electrochemically synthesized MoSx. The samples were analysed by
X-ray diffraction (XRD, GBC MMA diffractometer) with Cu Kα radiation at a scan rate
of 4 degrees min-1.

2.4.1.7 Thermogravimetric analysis (TGA)
Thermogravimetric analysis (TGA) can reveal the thermal properties of the samples by
measuring the weight variation in relation to temperature changes. It can give information
about chemisorption, dehydration and decomposition. In this thesis, the thermal
properties and chemical composition of graphene- and MoS2-based composites were
studied by TGA (Q500, TA instruments).

2.4.1.8 Tensile test
Tensile test is a common technique to obtain the mechanical characteristics of materials.
During the tensile test, a sample is subjected to a controlled tension at a fixed speed until
failure. From the measurements, data such as tensile strength, maximum elongation and
Young’s modulus can be acquired. In this work, the tensile tests of the films were
conducted using a Shimadzu EZ mechanical tester at a cross-head speed of 1 mm min-1.
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2.4.1.9 Film conductivity measurement
The conductivity of graphene- or MoS2-based films were characterized by a Jandel Model
RM3 four-probe system. A four-probe system uses two separate pairs of electrodes,
including a current-carrying pair (electrodes 1 and 4) and a voltage-sensing pair
(electrodes 2 and 3) to eliminate the lead and contact resistance from the measurement
(Figure 2.5), providing more precise measurements than the two-terminal sensing. The
obtained sheet resistance, which is the measure of resistance of thin films, is calculated
using the following equation [8]:

𝑅=

𝐾𝑉
𝐼

(2.1)

where R is the sheet resistance in Ω/square, K is a geometric factor (K=4.532), V is the
voltage across two inner probes in V and I is the current between two outer probes in A.
The conductivity of films σ (S cm-1 or S m-1) can be thus calculated as follows:

𝜎=

1
𝑅𝑙

(2.2)

where l (cm or m) is the thickness of the film.

Figure 2.5 Schematic illustration of a four-probe resistance measurement [9].
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2.4.2

Electrochemical characterization techniques

The electrochemical characterization techniques employed in this thesis include cyclic
voltammetry (CV), galvanostatic charge/discharge and electrochemical impedance
spectroscopy (EIS). The detailed performance evaluation methods using these techniques
have been given in Chapter 1. Thus, only their brief working principles and operative
parameters are described here.

2.4.2.1 Cyclic voltammetry (CV)
Cyclic voltammetry (CV) employs a linearly varied electric potential (Figure 2.6a)
between the reference and working electrodes in a three-electrode system (Figure 2.6b)
or between the positive and negative electrodes in a two-electrode system (Figure 2.6c),
by which the current response is investigated. By measuring the current variation in a
complete cycle, the electrochemical reactions can be identified using the current peaks
positions. In this thesis, CV is applied to investigate the capacitive behaviour of the
electrode materials in supercapacitors and redox reactions occurring in lithium-ion
batteries. The CV measurements were conducted using a CHI 650D electrochemical
workstation (CH Instruments, USA) or a Solartron SI 1287.
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Figure 2.6 (a) A typical triangular potential waveform for cyclic voltammetry. Schematic
illustrations of a three-electrode system (b) and a two-electrode system (c).

2.4.2.2 Galvanostatic charge and discharge
The galvanostatic charge/discharge test measures the resulting potential as a function of
time under a constant current. It can determine the capacity/capacitance and cycle
performance of the materials.
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In this thesis, the charge/discharge tests for supercapacitors were conducted using a
BTS3000 battery test system (Neware Electronic Co.). The performance of lithium-ion
battery electrodes were characterized by a Land battery test system (Wuhan Jingnuo,
China).

2.4.2.3 Electrochemical impedence spectroscopy (EIS)
Electrochemical impedance spectroscopy (EIS) is used to characterize the impedance of
a system. It is achieved by measuring the current through an electrochemical cell by
applying an AC potential at different frequencies. The applied sinusoidal potential leads
to a sinusoidal current response at the same frequency in shifted phase (Figure 2.7).
Changes in the phase shift at different frequencies provide data associated with an
electrochemical process within the electrochemical cells.

In this work, EIS tests were conducted using a Gamry EIS 3000TM system or a Bio-logic
workstation (VSP model) in the frequency range of 100 kHz to 0.01 Hz with an AC
amplitude of 10 mV at open circuit potential.

Figure 2.7 Current response to a sinusoidal potential in a linear system.
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3.

Mechanically Strong Graphene/Polypyrrole Films
with Large Areal Capacitance for Supercapacitor
Applications

This chapter is adapted from the research article entitled “A facile approach for
fabrication of mechanically strong graphene/polypyrrole films with large areal
capacitance for supercapacitor applications” by Ge, Y.; Wang, C.; Shu, K.; Zhao, C.; Jia,
X.; Gambhir, S. and Wallace, G. G. in RSC Advances, 2015, 5, 102643-102651. (link:
http://pubs.rsc.org/en/content/articlelanding/2015/ra/c5ra21100j).
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3.1

Introduction

Two-dimensional (2D) graphene is a promising candidate for flexible electrodes due to
its high electrical conductivity, large theoretical specific surface area, high mechanical
strength and good thermal and chemical stability [1, 2]. Most importantly, graphene can
be fabricated into macroscopic free-standing films with high mechanical robustness and
flexibility [3-5].

The main challenge in the fabrication of macroscopic graphene-based films is that the
graphene sheets are prone to restacking into graphite-like structures due to the strong π-π
interactions and van der Waals attraction between planar basal plane sheets. [6] This
drawback is fatal for supercapacitors because the formed films suffer extensive loss of
specific surface area which massively reduces the accessibility of electrolyte into the
inner structure. Assembling graphene into three-dimensional (3D) structures, graphene
aerogels or hydrogels is an effective way to prevent graphene sheets from restacking.
They are fabricated through self-assembly [7, 8] or template-assisted assembly [9, 10].
However, these graphene-based 3D structures usually exhibit poor mechanical properties
or flexibility that could easily fracture or collapse because of the insufficient backbones
related with the highly porous internal structure, which considerably limited their
practical application.

Another commonly used approach to prevent graphene sheets from restacking is to
introduce redox active “spacers” in-between graphene sheets. Spacers, such as carbon
nanomaterials [11-13], metal oxides [14, 15] and conducting polymers [16, 17] may be
not only able to prevent the restacking of graphene nanosheets, but also to provide
additional charge storage leading to greatly improved electrochemical performance.
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Polypyrrole (PPy), a common conducting polymer, is considered to be a promising
supercapacitor material due to its high pseudo-capacitance, relatively high electrical
conductivity, ease of synthesis and low cost [18, 19]. The using of PPy-graphene
composites can harness the synergistic effect from these two components: high surface
area and conductivity of graphene, and high pseudo-capacitance of PPy [20-23]. In-situ
polymerization of PPy on the surface of graphene sheets can prevent the restacking of
graphene nanosheets and boost the capacitance, such as that reported high capacitance of
500 F g-1 for graphene oxide-PPy fibre composite [20], 360 F g-1 for PPy-sulfonated
graphene composites [24]. However, these composites are not free-standing films but in
the form of powder, which requires the use of a binder and a substrate to prepare
electrodes. Free-standing PPy/graphene composite films have also been reported with
high specific capacitances in the range of 211-243 F g-1. They include the pulseelectrodeposited PPy on free-standing graphene films [25] and cellulose [26], or carbon
nanotubes enhanced graphene/PPy [27]. Most of these reports have focused on the study
of gravimetric capacitance, although the areal capacitance is a more practical indicator
for applications, in either small scale electronics or stationary energy storage devices [28].
Recently, a flexible composite membrane of reduced graphene oxide and polypyrrole
nanowire was reported to offer an areal capacitance of 175 mF cm-2 [29].

In this work, free-standing flexible robust graphene/PPy composite films were fabricated
through vacuum filtration. The highly water-dispersible PPy nanoparticles (NPs) were
mixed with graphene oxide (GO) dispersions and functioned as spacers to prevent GO
sheets from restacking during the filtration process. The film showed very high
mechanical strength and flexibility (e.g., 16.89 MPa for fracture strength, 11.77 MPa for
Young’s modulus), high areal capacitance (216 mF cm-2 at a current density of 0.2 mA
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cm-2), and good cycling stability.

3.2

Experimental

3.2.1

Synthesis of polypyrrole nanoparticles (PPy NPs)

The synthetic route of PPy NPs was based on a previous report [30]. Briefly, 0.75 g
polyvinyl alcohol (PVA, Mw 31,000~50,000, 0.5 wt%) was dissolved into 150 mL MilliQ water under magnetic stirring. Then 9.32 g FeCl3∙6H2O (0.23 M) was added into this
solution and stirred for 1h to reach a state of equilibrium forming a viscous orange mixture,
followed by an addition of pyrrole (0.1 M, 1.04 mL). The polymerization proceeded under
stirring in an ice bath for 4h. The resultant dispersion was centrifuged at 10,000 rpm for
30 min to collect the nanoparticles. The product was further rinsed several times with hot
water to remove excessive PVA and other impurities. The obtained PPy NPs were dried
in vacuum at room temperature.

3.2.2

Fabrication of film electrodes

In this work, GO-PPy composites with different weight ratio of PPy to GO (1:3, 1:2 and
1:1) were prepared. The amount of GO was kept the same in all of these samples. The
fabrication procedure is described using the 1:2 film as an example. PPy NPs (5 mg) were
dispersed in Milli-Q water (10 mL) with the assistance of sonication. The formed
dispersion was mixed with GO (10 mL, 1 mg mL-1) and subjected to another 10 min
sonication. Thereafter the mixture was directly filtered on a membrane (pore size, 0.22
μm). The wet films were peeled off and dried in a vacuum oven at 60 oC overnight. The
same procedures were followed to prepare GO film using GO dispersion (10 mL, 1 mg
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mL-1). The electrochemical reduction of GO in films was conducted in a phosphatebuffered saline (PBS, pH=7.4) at a constant potential of -1.1 V (vs. Ag/AgCl) for 40 min
[23].

3.2.3

Structure and morphology characterization

In this chapter, the thermal properties of the films were tested by TGA (Q500, TA
instruments) under nitrogen at a ramp rate of 10 oC min-1. X-ray photoelectron
spectroscopy (XPS) data were collected from a hemispherical energy PHOIBOS 100/150
analyser.

3.2.4

Electrochemical characterization

Symmetrical supercapacitors were assembled into two-electrode Swagelok type cells for
testing. The films were cut into pieces with a dimension of 0.5 cm × 0.5 cm. A filter paper
was used as the separator, and 1 M Li2SO4 was used as electrolyte.

Cyclic voltammetry (CV) was conducted from 0 to 1 V using a CHI 650D (CHI
instruments). Electrochemical impedance spectra were obtained using a Gamry EIS 3000
system over the frequency range of 100 kHz to 0.01 Hz with an AC perturbation of 10
mV at open circuit potential. Galvanostatic charge/discharge tests were performed using
a battery test system (Neware electronic Co.) between 0 and 1 V.
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3.3

Results and discussion

3.3.1

Preparation of composite films

Vacuum filtration flow can induce an orientation of GO sheets in the dispersion to
horizontally face-to-face restack on the filter membrane, forming uniform films with a
compact layered structure [31]. With the addition of spacers, such as PPy NPs, the interlayer distances are significantly expanded and the face-to-face interactions between GO
sheets are weakened, resulting in a hierarchical structure. The procedures to fabricate
electrochemically reduced GO (Er-GO) and electrochemically reduced GO-PPy (Er-GOPPy) films are illustrated in Figure 3.1.

Figure 3.1 Schematic procedures to fabricate Er-GO and Er-GO-PPy composite films.

3.3.2

Mass ratio optimization

Composite films with three mass ratios between PPy and GO of 1:3, 1:2 and 1:1 were

83

fabricated, of which the areal mass loadings were 1.79, 1.92 and 2.28 mg cm-2,
respectively. They demonstrated an increasing specific capacitance with the increased
content of PPy: 118, 164 and 201 mF cm-2 at a scan rate of 50 mV s-1 in 1 M Li2SO4
(Figure 3.2). However, their flexibility and mechanical strength dropped. It became brittle
and difficult to handle for fabrication of supercapacitors at the ratio of 1:1. The samples
with a PPy to GO ratio of 1:2 exhibited both good electrochemical and mechanical
properties, and thus were further investigated.

Figure 3.2 Cyclic voltammograms (CVs) of the supercapacitor based on composite films
with different weight ratio between PPy NPs and GO at a scan rate of 50 mV s -1 in 1 M
Li2SO4.

3.3.3

Physical and structural characterization

A good dispersibility of PPy NPs in GO dispersions is the prerequisite for forming a
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uniformly hierarchical structure with mechanical robustness. A template is commonly
used to fabricate PPy with nanofeatures. For example, Lu et al. used carbon nanotube
(CNT) as hard template to synthesize tube-like PPy [27]. In this work, PVA was chosen
as template and stabilizer to produce highly dispersible PPy NPs, as it modifies the surface
of the particles with improved hydrophilicity. The PPy NPs exhibited good uniformity
with a particle size of ~114 nm (Figure 3.3a). These particles can be easily dispersed in
H2O with the assistance of sonication to form a homogeneous dispersion at a
concentration of 0.5 mg mL-1, which was stable for weeks (Inset of Figure 3.3a). PPy NPs
can be uniformly distributed onto GO sheets, which may be attributed to electrostatic
interactions, hydrogen bond or π-π interactions. The Er-GO film that exhibited a slightly
wrinkled surface, and the cross-sectional view showed a compact layered structure
(Figure 3.3b, d). Er-GO-PPy films displayed a highly crumpled and rough surface, and a
hierarchical structure with loosely stacked graphene layers was observed from the crosssectional view (Figure 3.3c, e).

The formation of such more open structure can be attributed to the uniform distribution
of PPy NPs between graphene sheets, which effectively expanded the distance between
the adjacent graphene layers. The film thickness was increased by around 3-fold, from ~4
μm to ~12 μm. At a higher magnification, a wavy and crumpled structure of graphene
sheets with PPy NPs in-between can be clearly observed (Figure 3.3f). Such an expanded
multi-layered structure of Er-GO-PPy films is expected to provide a larger electrolyteelectrode interface for high capacitance.
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Figure 3.3 (a) SEM images of PPy NPs (inset: digital image of PPy NPs aqueous
dispersion with a concentration of 0.5 mg mL-1). Surface morphology and cross-sectional
view of Er-GO (b, d) and Er-GO-PPy films (c, e, f).

The fracture strength and Young’s modulus of Er-GO-PPy film were determined to be
16.89 MPa and 11.77 MPa (Figure 3.4a), respectively. Its mechanical strength is higher
than the previously reported result for flexible graphene-cellulose paper with a fracture
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stress of 8.67 MPa [32], or graphene/polypyrrole nanofibre films with a fracture stress of
35.0 MPa but with a much lower Young’s modulus of 2.1 MPa [17]. It clearly
demonstrates that this film is robust and possesses excellent mechanical flexibility. Its
flexibility was demonstrated in Figure 3.4b. It was also noted that the Er-GO films
displayed higher fracture strength and Young’s modulus (23.73 MPa; 14.47 MPa)
compared with Er-GO-PPy films. This is attributed to the fact that the compact restacked
graphene sheets have a stronger attractive force between adjacent layers enhancing
mechanical performance.

Figure 3.4 (a) Stress-strain curves for Er-GO and Er-GO-PPy films. (b) Digital image of
flexible Er-GO-PPy film.

To verify the effect of electrochemical reduction, the chemical structures of Er-GO and
Er-GO-PPy films were characterized by Raman spectroscopy. GO and Er-GO films
displayed the characteristic D band (~1330 cm-1) and G band (~1600 cm-1) of graphene
materials (Figure 3.5a). The G bands are assigned to the first order scattering of the E2g
vibration mode of sp2-bonded carbon and the in-plane bond stretching motion of sp2
domains, while the D bands are attributed to the vibration of aromatic rings corresponding
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to edges and structure defects on the carbon basal planes [33, 34]. The ratio of D band to
G band (ID/IG) increased after reduction (from 1.09 to 1.16), which agrees with the
previously reported results via either chemical or electrochemical route [17, 23]. For
pristine PPy NPs, five distinct peaks related to polypyrrole can be identified. Two strong
yet broad peaks at 1326 cm-1 and 1550 cm-1 represent ring stretching and polymer C-C
backbone stretching, respectively. The peak at 917 cm-1 corresponds to the C-H out-ofplane deformation, whilst the peak at 985 cm-1 can be ascribed to the pyrrole ring
deformation. The peak at 1039 cm-1 arises from the C-H in-plane deformation [19, 35].
These three small peaks could be clearly observed in Er-GO-PPy film, demonstrating the
presence of PPy in the composite film. The two major peaks of PPy were overlapped with
the D and G band of graphene. The obtained ID/IG intensity ratio was 1.14, which is very
close to the film without PPy NPs, indicative of the limited impact on the graphene sheets
from the incorporation of PPy.

The thermal stability of composites was investigated using TGA (Figure 3.5b) under
nitrogen atmosphere. All samples were kept at 100 oC until the weight reached
equilibrium to remove surface-absorbed water before the experiment commenced. The
mass loss of GO film started at around 150 oC, and it exhibited a substantial mass loss of
26% over the temperature range of 150-220 oC. This is mainly due to the removal of
oxygen-containing functional groups from the GO surface [31]. In contrast, the Er-GO
film only displayed a low mass loss of 2% in this temperature range, suggesting the
significant removal of oxygen-containing functional groups. It also means that graphene
oxide can be effectively reduced using the applied electrochemical route. Above 600 oC,
both GO and Er-GO showed a sharp mass loss. A 34% and 40% of their initial weight
was respectively retained till 800 oC, which can be ascribed to the graphitization of
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graphene. PPy NPs began to lose weight at around 200 oC and the final weight loss was
39% at 800 oC. For Er-GO-PPy film, only a 5% weight loss could be observed till 300 oC,
which is similar to Er-GO film. The sharp mass loss for Er-GO-PPy beyond 300 oC can
be mainly attributed to the decomposition of PPy and graphitization of graphene, and its
final mass loss at 800 oC was 50%.

Figure 3.5 (a) Raman spectra of PPy NPs, GO, Er-GO and Er-GO-PPy films. (b) TGA
curves of these samples.

To further demonstrate the reduction of GO in the composites, X-ray photoelectron
spectroscopy (XPS) was applied to analyse their chemical structure changes. All curves
were fitted by the Gaussian-Lorantzian shape peaks based on the Shirley background
correction, as shown in Figure 3.6. In the C 1s spectrum of GO, three peaks could be
observed. The peak centred at 286.8 eV represents the C-C bonding, while other two
strong peaks at 289.0 eV and 290.0 eV arise from the oxygen-containing functional
groups including C-O bonding and C=O bonding, respectively. For Er-GO and Er-GOPPy films, both spectra displayed dominating C-C bonding peaks at 285.4 eV and 285.0
eV, respectively [36]. The peak located at 286.0 eV in the spectrum of Er-GO-PPy film
corresponds to the C-N backbone bonding that is originated from PPy [37]. Moreover,
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the peaks belonging to C-O and C=O bonding decreased dramatically, suggesting that the
oxygen-containing functional groups on GO sheets have been effectively removed after
electrochemical reduction. The reduction of GO can also be supported by the increased
C/O ratio from 1.95 to 5.92 after the electrochemical reduction.

Figure 3.6 Deconvoluted XPS C 1s spectra of GO (a), Er-GO (b) and Er-GO-PPy (c)
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films.
3.3.4

Electrochemical characterization

Figure 3.7a and 3.7b show the CV curves of Er-GO and Er-GO-PPy electrodes at different
scan rates ranging from 5 to 100 mV s-1. They all displayed a nearly rectangular shape
even at a higher scan rate of 100 mV s-1, demonstrating a good capacitive behaviour. For
easy comparison, the CV curves of these two films at the same scan rate of 50 mV s-1 are
shown in Figure 3.7c. It can be clearly seen that Er-GO-PPy film electrode displayed
significantly larger current response than that of Er-GO film electrode, suggesting that
this composite can deliver much higher capacitance.
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Figure 3.7 Cyclic voltammograms (CV) of the supercapacitor based on Er-GO or Er-GOPPy films at different scan rates (a, b) or at a scan rate of 50 mV s-1 for comparison (c) in
1 M Li2SO4.
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The energy storage performance of these film electrodes was further evaluated by
galvanostatic charge/discharge experiments. As shown in Figure 3.8a, all the charge and
discharge curves of the supercapacitors based on Er-GO-PPy films showed nearly linear
and symmetric shapes even at a very high current density of 8 mA cm-2, indicative of the
excellent reversibility of capacitive behaviour. It can be seen from the charge/discharge
curves that Er-GO-PPy film electrode displayed a much larger areal capacitance than that
of the Er-GO film electrode at a current density of 0.2 mA cm-2 (Figure 3.8b). This result
is consistent with the CV results discussed above. The areal and gravimetric capacitances
of a single electrode were calculated based on the charge/discharge curves using the
equation of Ca=(2×I×t)/(S×ΔV) and Cg=(4×I×t)/(m×ΔV), where Ca is the areal
capacitance in mF cm-2, Cg is the gravimetric capacitance in F g-1, I is the discharge
current in mA, t is the discharge time in s, S is the area of electrode in cm2, m is the total
mass of the films on both electrodes and ΔV is the scanned potential window in V. ErGO-PPy film electrode delivered a large areal specific capacitance (Ca) of 216 mF cm-2
at a current density of 0.2 mA cm-2, which is much higher than that (41.2 mF cm-2) of the
Er-GO film electrodes at the same current density (Figure 3.8c). This enhanced
capacitance of Er-GO-PPy films can be attributed to two major factors: (1) the
intercalation of PPy NPs expands the distance between graphene sheets which provides
larger electrolyte-electrode interface for charge storage and ion transportation; (2) PPy
NPs provide additional capacitance. In the gravimetric unit, the capacitance was 110 F g1

, 5.6 F g-1 at a current density of 1 A/g for the Er-GO-PPy film or Er-GO film, respectively.

At a high current density of 8 mA cm-2, the Er-GO-PPy film electrode could still deliver
a capacitance of 160 mF cm-2, showing a capacitance retention ratio of 74.0%. However,
the Ca of Er-GO films decreased sharply to 16.0 mF cm-2, only 38.8% of the capacitance
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was retained. The greatly improved rate performance of Er-GO-PPy films can be ascribed
to the intercalation of PPy NPs which effectively prevent graphene sheets from restacking,
whilst the compactly restacked graphene sheets in Er-GO films hinder the fast ion
transportation between graphene layers, resulting in low capacitances at high current
densities.

As compared in Table 3.1, the areal capacitance reported in this work is higher than or
comparable to the previously reported data for graphene/conducing polymer composite
film electrodes, including three-dimensional porous graphene/polyaniline composite
films (67.2 mF cm-2) [38], graphene/poly(3,4-ethylenedioxythiophene) (PEDOT)
composite films (12.8 mF cm-2) [39], electrochemically deposited PPy/GO composite
films (152 mF cm-2) [40] and flexible graphene-PPy composite membranes (175 mF cm2

) [29]. The areal energy density and power density of the devices were calculated using

the equations of E = [Ca×(ΔV)2]/(2×3600) and P = (3600×E)/t, where E is the areal
energy density in mWh cm-2, P is the areal power density in mW cm-2, Ca is the areal
capacitance in mF cm-2, ΔV is the potential window in V and t is the discharge time in s.
The device in this work presented an areal energy density of 30.0 μWh cm-2 at an areal
power density of 200 μW cm-2, while an areal energy density of 22.2 μWh cm-2 could be
still delivered at an areal power density of 8,000 μW cm-2. Ragone plot of the
supercapacitors based on Er-GO-PPy film electrodes and the results from the
aforementioned references for comparison are shown in Figure 3.8d. It clearly
demonstrates that the device developed in this work can provide remarkably high energy
densities at relatively high power densities.
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Figure 3.8 Galvanostatic charge/discharge curves of Er-GO-PPy film electrodes
supercapacitor at different current densities (a), or at 0.2 mA cm-2 in comparison with ErGO supercapacitor (b) in 1M Li2SO4. (c) Areal capacitances of the Er-GO-PPy and ErGO electrodes supercapacitors as a function of current densities. (d) Ragone plot of
supercapacitors based on Er-GO-PPy film electrodes in comparison to the reported
graphene/conducting polymer composites supercapacitors.

Table 3.1 Comparison of the areal capacitance of film electrodes in this work and
previous reports.
Electrode

Areal capacitance (mF
cm-2)

Film thickness

Mass
loading

Er-GO-PPy
(this work)

216
at 0.2 mA cm-2

12 μm

1.92 mg cm-2

Graphene/PANi (ref.
38)

67.2
at 50 μA cm-2

150 μm

0.17 mg cm-2
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Graphene/PEDOT (ref.
39)

12.8
at 20 mV s-1

--

--

PPy/GO (ref. 40)

152
10 mV s-1

15 μm

--

Graphene/PPy (ref. 29)

175
10 mV s-1

60 μm

1.7 mg cm-2

The cycling performance of Er-GO-PPy electrodes was investigated at a current density
of 4 mA cm-2. For comparison, the Er-GO film electrodes were also tested but at a much
lower current density of 0.5 mA cm-2, since it delivered a very low capacitance at 4 mA
cm-2. The areal capacitance of the Er-GO electrode showed a slight increase of
capacitance during 5,000 cycles. The final capacitance was 23 mF cm-2, 115% of the
initial capacitance (20 mF cm-2). This capacitance increase could be explained by the
activation of densely packed films during the charge/discharge process that allows more
ions to penetrate. For Er-GO-PPy films, a capacitance loss of 8.7% can be observed after
the first 1,000 cycles, and a capacitance retention rate of 87.0% after 5,000 cycles (Figure
3.9). The capacitance drop may be related to the volumetric swelling and shrinking of
PPy polymer chains during the cyclic redox reactions. This result is much better than that
of 44% after 5,000 cycles at 1 A g-1 for the graphene-PPy fibre films with a similar
thickness of 13.5 μm [17]. The current density of 4 mA cm-2 applied in this work is equal
to 1.04 A g-1 in the mass unit. This greatly improved cycling stability of Er-GO-PPy films
can be ascribed to the sandwiched structure of PPy NPs between graphene sheets, which
can protect PPy from volume change and mitigate the loss of capacitance. The retained
areal capacitance (153 mF cm-2) after 5,000 cycles was still much higher than that of the
Er-GO film electrodes (23 mF cm-2) at a smaller current density of 0.5 mA cm-2,
suggesting a well-improved cycling performance.
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Figure 3.9 Cycling stability of supercapacitors based on Er-GO and Er-GO-PPy film
electrodes.
The Er-GO and Er-GO-PPy film electrodes were further studied by electrochemical
impedance spectroscopy (EIS). In the Nyquist plot depicted in Figure 3.10a, the intercept
of the curves with the real axis in the high frequency region corresponds to the bulk
resistance (Rs), which mainly includes resistance of electrolyte, intrinsic resistance of
active materials and contact resistances. The semi-circle part of the plot in the high
frequency region represents the charge transfer resistance (Rct). It can be clearly seen that
Er-GO film had much larger Rct than Er-GO-PPy films (inset of Figure 3.10a). The
Nyquist plots were further analysed using a simulated equivalent circuit (Figure 3.10b).
It is composed of four elements: a bulk resistance (Rs), a charge transfer resistance (Rct),
the Warburg impedance (W) and a constant phase element (CPE). The Rs values of ErGO and Er-GO-PPy samples were 2.0 ohm and 2.7 ohm, respectively. The Rct value for
Er-GO film was 164.3 ohm. This high charge transfer resistance can be attributed to the
densely compacted structure hindering the ion transport. The Rct for Er-GO-PPy film
decreased sharply to 20.7 ohm. Such greatly reduced resistance may be mainly due to the
hierarchical loosely-stacked structure facilitating fast ion transport. The phase angle of a
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capacitor is also an important indicator to judge its capacitive performance. The phase
angle of an ideal capacitor is -90o, the closer to this angle, the device behaves more like
an ideal capacitor. The phase angle for Er-GO and Er-GO-PPy film electrodes was -81.5o
and -83.2o (Figure 3.10c), suggesting that both the neat and composite film electrodes
have capacitive behaviours close to an ideal capacitor electrode.

The relaxation time constant (τ0) reflects the ion diffusion rate in the electrodes. τ0 is
defined as the minimum time needed to discharge all the energy from the device with an
efficiency of more than 50% [41]. It can be calculated from the equation τ0 = 1/f0, where
f0 is the frequency at maximum imaginary capacitance (C''). As shown in Figure 3.10d,
the τ0 of Er-GO-PPy based supercapacitor is 2.51 s, which is much smaller compared to
that of the Er-GO based supercapacitor (6.31 s). The fast frequency response of this device
can be mainly attributed to the expanded distance between graphene layers which allows
faster ion transport.
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Figure 3.10 (a) Nyquist plots and the simulated curves of Er-GO and Er-GO-PPy based
supercapacitors in 1 M Li2SO4 (inset: expanded views at high-frequency region). (b) The
equivalent circuit diagram used to simulate the Nyquist plots. (c) Plot of Bode phase angle
versus frequency. (d) Plot of the imaginary part of specific capacitance (C'') versus
frequency.

3.4
In

Conclusions
summary,

free-standing

multi-layered

reduced

graphene

oxide/polypyrrole

nanoparticles films have been fabricated. Such Er-GO-PPy composite films possess good
mechanical strength as well as high flexibility. As a supercapacitor electrode, this Er-GOPPy film exhibited excellent performance with a large areal specific capacitance of 216
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mF cm-2 and a good cycling stability with 87% capacitance retention over 5,000 cycles.
It also demonstrated a fast charge/discharge property as evidenced by the short relaxation
time constant (τ0) of 2.51s, shorter than that of the representative commercial
supercapacitor. Such promising performance can be mainly attributed to the synergistic
effect arising from its two components: the intercalation of PPy NPs effectively prevents
the restacking of graphene sheets creating larger electrolyte-electrode interface for charge
storage and fast ion transportation, as well as provides additional capacitance; the porous
structure of graphene accommodates the volume change occurring in PPy during
oxidation-reduction thus preventing a loss in capacitance with cycling. The combination
of such good capacitive performance and high mechanical stiffness/excellent flexibility
makes this a promising material for high-performance flexible energy storage devices.
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4.

Robust

Free-standing

MoS2/Poly(3,4-

ethylenedioxythiophene):poly(styrenesulfonate)
Film for Applications in Supercapacitors
This chapter is adapted from the research article entitled “A robust free-standing
MoS2/poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) film for supercapacitor
applications” by Ge, Y.; Jalili R.; Wang, C.; Zheng, T.; Chao, Y. and Wallace, G. G. in
Electrochimica

Acta,

2017,

235,

348-355.

(link:

https://www.sciencedirect.com/science/article/pii/S0013468617305352). Reproduced by
permission of Elsevier Ltd.
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4.1

Introduction

Two-dimensional (2D) molybdenum disulfide (MoS2) nanosheet, a member of transition
metal dichalcogenides (TMDs) and a typical inorganic analogue of graphene, has
emerged as an excellent material for energy storage applications due to its sheet-like
structure providing large surface area for charge storage [1-3]. The centre Mo atom in
MoS2 has a wide range of oxidation states from +2 to +6, offering pseudocapacitances [4,
5]. Moreover, MoS2 is non-toxic, eco-friendly and of low cost [6].

Exfoliation method based on the Li-intercalation is a widely used method to fabricate
single- and few-layers MoS2 nanosheets. The produced high-concentration MoS2
nanosheets in dispersion are the ideal precursor for fabrication of free-standing MoS2
films. In addition, these exfoliated MoS2 nanosheets contain a high ratio of metallic 1T
phase [3], which can electrochemically intercalate with various ions, resulting in high
capacitive performance. The 1T-MoS2 film via filtration delivered a volumetric
capacitance ranging from 400 to 700 F cm-3 in aqueous electrolytes [3], and this film was
used with the aid of a mechanical support of a gold coated polyimide substrate. Probably
the free-standing film was lacking in mechanical robustness and flexibility due to the
small lateral size of MoS2 nanosheets (typically < 1 µm) and the relatively low aspect
ratio [7]. The larger size of liquid-crystal MoS2 may provide a solution [8]. However, the
restacking of MoS2 nanosheets may result in a poor capacitive performance especially for
thick films, due to the loss of surface area. The introduction of supportive materials such
as graphene can enhance the mechanical as well as electrochemical properties. For
example, three-dimensional MoS2/graphene aerogel prepared by a hydrothermal
procedure could deliver a specific capacitance of 268 F g-1 at 0.5 A g-1 [9]. A free-standing
and flexible MoS2/graphene oxide hybrid film via vacuum filtration has shown a high
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volumetric capacitance (~ 380 F cm-3 at 10 mV s-1) [7].

Conducting polymers (CPs) are another intriguing class of materials to form high
performance composites with a variety of materials (e.g., metal oxides, organic
conductors, 2D materials) for supercapacitors [10-12]. The composites based on CPs and
2D materials exhibit properties of each individual component with synergistic effect due
to the facile charge transfer between these two constituents [13]. The addition of CPs into
2D semiconductors is attractive because CPs can function as a conducting platform for
charge

delivery

between

2D

sheets.

The

reported

MoS2/polyaniline

[14],

MoS2/polypyrrole [5] and MoS2/poly(3,4-ethylenedioxythiophene) composites [15] have
demonstrated high capacitances in the range of 400-700 F g-1. However, these composites
are all in the powder form. Reports on free-standing flexible MoS2-CPs films are still
limited. The widely used poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS) is highly conductive, chemically and electrochemically stable and can
form mechanically strong films [16]. More importantly, it is of easy processability, and
can be dispersed into different solvents [17]. This unique character allows it to be easily
mixed with MoS2 dispersion forming MoS2/PEDOT composites and a free-standing
flexible film may be produced via simply casting or filtration.

In this chapter, free-standing MoS2/PEDOT hybrid films were fabricated through a simple
filtration technique. The resultant MoS2/PEDOT films were robust, demonstrating a high
fracture strength of 18.0 MPa. They could deliver high volumetric capacitances and good
cycling stability as well. Moreover, this hybrid film has been demonstrated in its
application for all-solid-state bendable devices.
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4.2

Experimental

4.2.1

Fabrication of MoS2 nanosheets in aqueous dispersion

Chemically exfoliated MoS2 nanosheets were prepared using the exfoliation method
based on the Li-intercalation developed by Morrison and co-workers [18]. Briefly, dried
MoS2 powder (1g) was put into a 100 mL round-bottom flask, followed by the addition
of n-butyllithium solution (2.5 M, 10 mL). This mixture was stirred for 48 h under the
protection of argon. Then the resultant Li-intercalated MoS2 was exfoliated into water
(~100 mL) via sonication. The resulting dispersion of exfoliated MoS2 nanosheets was
purified by dialysis with water for 2 weeks, removing the contained lithium ions and
organic residues.

4.2.2

Fabrication of MoS2/PEDOT hybrid films

The MoS2 nanosheet dispersion (~1 mg mL-1, 60 mL) was added dropwise to 1.5 wt%
PEDOT:PSS dispersions (4 mL, 2 mL or 0.8 mL) under stirring to fabricate the films with
a weight ratio of 1:1, 2:1 and 5:1 (MoS2 : PEDOT:PSS). The mixture was then filtered
onto a PVDF hydrophobic filter membrane (90 mm diameter, pore size of 0.22 µm) and
peeled off. The complete incorporation of PEDOT:PSS can be evidenced by the clear
filtrate produced during the filtration process, as the dispersion containing tiny amount of
PEDOT:PSS was light blue in colour. These films were dried in a vacuum oven at 60 oC
overnight. They were denoted as MoS2/PEDOT-1, MoS2/PEDOT-2 and MoS2/PEDOT-5
according to the above-mentioned weight ratio. As control samples, neat MoS2 films were
fabricated using the same amount of MoS2 nanosheets dispersion via the same procedure
but on a 47 mm-diameter membrane instead, due to the difficulty in forming robust
freestanding films on a 90 mm membrane. Neat PEDOT:PSS films were fabricated by a
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simple casting technique.

4.2.3

Structure and morphology characterization

In this chapter, X-ray photoelectron spectroscopy (XPS) data was collected from a
hemispherical energy PHOIBOS 100/150 analyser.

4.2.4

Electrochemical characterization

Symmetrical supercapacitors were assembled into two-electrode Swagelok type cells
with filter paper as separator and 1 M Na2SO4 as electrolyte. The films were cut into a
dimension of 0.5 cm × 0.5 cm for use.

For an all-solid-state supercapacitor, a polyvinyl alcohol (PVA)/H3PO4 gel electrolyte
(PVA:H3PO4, 1:1.5) was used following the previously reported procedure [19]. A film
electrode (1 cm × 2 cm) was pasted onto a stainless steel mesh with silver paste (Electron
Microscope Sciences Co.), followed by being immersed in the electrolyte overnight. Two
electrodes with semi-dried electrolyte layer were pressed together forming flexible
devices.

Cyclic voltammetry (CV) of the device was conducted from 0 to 1 V using a CHI 604D
(CHI Instruments). Electrochemical impedance spectra were obtained using a Gamry EIS
3000 system over the frequency range of 100 kHz to 0.01 Hz with an AC perturbation of
10 mV at open circuit potential. Galvanostatic charge/discharge tests of the devices were
performed using a battery test system (Neware Electronic Co.) between 0 and 1 V.
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4.3

Results and discussion

4.3.1

Physical and structural characterization

MoS2 nanosheets were prepared via a typical exfoliation method based on the
intercalation using n-butyllithium as the reactant (Figure 4.1a). The exfoliated MoS2
nanosheets showed a lateral sheet size of 100-200 nm (Figure 4.1b). The height profile
displayed a thickness of around 1.0 nm (Figure 4.1c). The nanosheet with a thickness of
~2.0 nm could also be observed, indicating a 2-3 layered structure. The thickness of a
mechanically exfoliated MoS2 monolayer is typically 0.65~0.70 nm [20, 21]. The
variation in thickness can be ascribed to the surface corrugation due to distortions, the
presence of adsorbed or trapped molecules [22]. The TEM image further reveals a layered
structure of the exfoliated MoS2 nanosheets (Figure 4.1d). A typical few-layers MoS2
nanosheet can be observed with an average interlayer distance of 0.66 nm.
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Figure 4.1 (a) Schematic illustration of exfoliation of MoS2. AFM image (b) and height
profile (c) along the line drawn in (b) of exfoliated MoS2 nanosheets. (d) TEM image of
MoS2 nanosheets.

The pristine PEDOT:PSS film showed a compact and featureless cross-sectional view in
the SEM image (Figure 4.2a). Within a free-standing MoS2 film, MoS2 nanosheets
restacked on top of each other forming a typical layered structure (Figure 4.2b). With the
introduction of PEDOT:PSS into the system, it still retained a layered structure (Figure
4.2c-e). However, at higher magnification, no distinct gaps could be found between the
nanosheets assembly within the hybrid film (MoS2/PEDOT-2) as that for MoS2 (Figure
4.2f, g). This may be explained by that polymer PEDOT acted as glue to connect MoS2
sheets together. Neat MoS2, neat PEDOT:PSS, MoS2/PEDOT-1, MoS2/PEDOT-2 and
MoS2/PEDOT-5, demonstrated respective thicknesses of 9.5 µm, 9.6 µm, 9.3 µm, 7.0 µm
and 4.5 µm. The corresponding density (ρ) was 3.56 g cm-3, 1.60 g cm-3, 1.79 g cm-3, 1.96
g cm-3 and 2.22 g cm-3.
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Figure 4.2 SEM images of cross-sectional view of the films: (a) neat PEDOT:PSS, (b)
neat MoS2, (c) MoS2/PEDOT-1, (d) MoS2/PEDOT-2 and (e) MoS2/PEDOT-5 films. (f, g)
Cross-section of MoS2 and MoS2/PEDOT-2 films at higher magnification.
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The energy dispersive X-ray spectroscopy (EDS) results evidenced that all the elements
Mo, S and C were uniformly distributed within the MoS2/PEDOT-2 film (Figure 4.3a-d),
indicating the formation of a hybrid structure and the even distribution of PEDOT:PSS in
the hybrid film. As expected, no C element could be detected on the neat MoS 2 film
(Figure 4.3e-h).
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Figure 4.3 EDS mapping of Mo, S and C elements of the cross-section of MoS2 (a-d) and
MoS2/PEDOT-2 films (e-f).
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The reinforcement effect of PEDOT:PSS on the mechanical properties of these hybrid
films was characterized by tensile tests (Figure 4.4). Neat MoS2 film displayed very poor
mechanical properties with a fracture strength of only 5.3 MPa and a maximum
elongation of 0.3%, due to the relatively small lateral size of MoS2 sheets and lack of
strong interactions between the restacked layers. With the incorporation of PEDOT:PSS
(~20%), MoS2/PEDOT-5 film displayed an improved mechanical strength of 7.4 MPa (a
39.5% increase). The mechanical properties of these hybrid films were dramatically
improved with the further increased amount of PEDOT:PSS. The MoS2/PEDOT-1 (~50%
PEDOT) and MoS2/PEDOT-2 (~33% PEDOT) films exhibited a fracture strength of 23.5
MPa and 18.0 MPa, a 341% and 238% increase, respectively. The respective maximum
elongation was also increased to 1.4% and 0.9%, a 442% and 262% increase. These films
are robust, as demonstrated in the inset of Figure 4.4. The detailed mechanical properties
are summarized in Table 4.1 for clarity. The mechanical strength of these two hybrid films
(MoS2/PEDOT-1 and MoS2/PEDOT-2) is higher than or comparable to that of the
previously reported flexible MoS2 or graphene-based films, including MoS2/GO hybrid
film (65 MPa) [7], graphene-cellulose paper (8.67 MPa) [23] and graphene/polypyrrole
nanofibre films (35.0 MPa) [24]. Not surprisingly, neat PEDOT:PSS film possessed the
best tensile performance with the highest fracture strength of 35.9 MPa and maximum
elongation of 3.8%. The incorporation of PEDOT:PSS cannot only benefit the mechanical
properties, but also enhance the electrical conductivity (Table 4.1). These hybrid films
exhibited at least one order of magnitude higher conductivities (17.9, 11.9 and 4.4 S cm 1

for MoS2/PEDOT-1, 2 and 5 film) than that of neat MoS2 film (0.5 S cm-1). Such

improvement may be attributed to enhanced electron transport along the conducting
polymer chains that form a conductive matrix within the hybrid film.
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Figure 4.4 Stress-strain curves of the films. Inset: photo of a flexible MoS2/PEDOT-2
film.

Table 4.1 Mechanical properties and electrical conductivities of MoS2, PEDOT:PSS and
MoS2/PEDOT hybrid films.
Fracture

Young’s

Max

strength

modulus

elongation

(MPa)

(GPa)

(%)

PEDOT:PSS

35.9

1.3

3.8

104.2

MoS2

5.3

2.7

0.3

0.5

MoS2/PEDOT-1

23.5

1.9

1.4

17.9

MoS2/PEDOT-2

18.0

2.0

0.9

11.9

MoS2/PEDOT-5

7.4

2.2

0.4

4.4

Types of Films

Conductivity
(S cm-1)

The chemical structure of bulk MoS2, chemically-exfoliated MoS2 and hybrid films was
studied by Raman spectroscopy. Bulk MoS2 showed two characteristic peaks at 382.2 cm1

and 406.6 cm-1 (Figure 4.5), which can be assigned to the in-plane (E12g) and out-of115

plane (A1g) vibration modes, respectively [25, 26]. Upon chemical exfoliation, a blueshift
of E12g and A1g peak to 375.5 cm-1 and 402.0 cm-1 was observed for the restacked MoS2
film, indicating that the exfoliated MoS2 had undergone partial phase transition from 2H
to 1T [27, 28]. These blueshifts can also be found in hybrid films, suggesting that the 1T
component of the exfoliated MoS2 was well maintained after being hybridized with
PEDOT:PSS [22].

Figure 4.5 Raman spectra of bulk MoS2 powder, MoS2 film and MoS2/PEDOT films.

X-ray photoelectron spectroscopy (XPS) results can further support the phase transition
of MoS2 before and after exfoliation. In the case of bulk MoS2, there existed two narrow
peaks at 232.8 eV and 229.6 eV in the Mo 3d binding region (Figure 4.6), corresponding
to Mo 3d3/2 and Mo 3d5/2 respectively, indicating the +4 oxidation state of 2H-phase MoS2
[8, 29, 30]. Upon chemical exfoliation, these two peaks became broadened. The
deconvolution of these peaks showed two more peaks located at 231.8 eV and 228.5 eV,
which suggests that the structure of MoS2 has partially transformed from 2H phase to 1T
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phase [22]. Such transformation is owing to the first-order phase transition of Mo atom
upon Li intercalation [22]. Metallic 1T phase MoS2 is more favourable for use in
supercapacitor because it is hydrophilic and 107 times more conductive than semiconductive 2H phase MoS2 [3]. The ratio between 1T phase and 2H phase in the exfoliated
MoS2 can be quantified by fitting the deconvoluted peak areas. The 1T: 2H ratio in neat
MoS2 film was close to 1:1, which means that about half of the 2H-phase MoS2 had been
converted into 1T phase. For the hybrid films similar deconvoluted peaks assigned to 1Tphase MoS2 could be observed. The 1T:2H ratio in MoS2/PEDOT-2 film is ~0.96:1, very
close to that of neat MoS2 film, indicating the well-retained structure of exfoliated MoS2.
The oxidation of MoS2 in these hybrid films can also be noticed, as evidenced by a new
small peak at 235.2 eV corresponding to Mo6+ 3d5/2 [31].

117

Figure 4.6 XPS spectra of bulk MoS2 powder, neat MoS2 and MoS2/PEDOT-2 film,
showing the Mo 3d binding region.
4.3.2

Electrochemical characterization

The CV curves of MoS2/PEDOT-2 hybrid film and neat film electrodes at a scan rate of
50 mV s-1 are illustrated in Figure 4.7a. The capacitive performance was investigated in
a two-electrode configuration, which is a closer arrangement to a practical device. The
MoS2/PEDOT-2 film exhibited significantly higher current response than neat MoS2 and
PEDOT:PSS, indicating a much higher capacitance to deliver. The densely restacked
structure of MoS2 film could hinder the diffusion of electrolyte ions into the interior of
the film, leading to a poor utilization of the material and a low capacitance, as
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demonstrated for graphene-based materials [32, 33]. The presence of highly conductive
PEDOT:PSS could not only prevent MoS2 nanosheets from restacking, but also facilitate
the charge delivery between MoS2 nanosheets. MoS2/PEDOT-2 film displayed nearly
rectangular CV shapes even at a high scan rate of 100 mV s-1 (Figure 4.7b), demonstrating
an excellent capacitive behaviour. For neat MoS2, the distortion of the curves could be
clearly seen when the scan rate reached 50 mV s-1 (Figure 4.7c), which may be ascribed
to its low conductivity.
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Figure 4.7 Cyclic voltammograms of the supercapacitor composed of MoS2/PEDOT-2
(a), and neat MoS2 films (b) at different scan rates; comparison between these two
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supercapacitors and that with neat PEDOT:PSS films at a scan rate of 50 mV s -1 (c) in 1
M Na2SO4.

The supercapacitors based on MoS2/PEDOT-2 films showed nearly linear and symmetric
charge/discharge curves at the applied current densities range of 0.2 to 4 A g-1 (Figure
4.8a), indicating an excellent reversibility. These hybrid films delivered much larger
volumetric capacitances than neat MoS2 or PEDOT:PSS film at a current density of 0.2 A
g-1 (Figure 4.8b). The current applied was based on the total mass of both film electrodes.
The volumetric capacitance of a single electrode was calculated using the equation of CV
= ρ × Cg = ρ × (4 × i × t)/(m × ΔV), where CV is the volumetric capacitance in F cm-3, ρ
is the density of the films in g cm-3, Cg is the gravimetric capacitance in F g-1, i is the
discharge current in A, t is the discharge time in s, m is the total mass of two electrodes
in g and ΔV is the scan potential window in V. These hybrid films presented enhanced
volumetric capacitances (CV) (Figure 4.8c). The largest CV (141.4 F cm-3) was delivered
by MoS2/PEDOT-2 film at a current density of 0.2 A g-1, much higher than that of neat
MoS2 (59.9 F cm-3) and neat PEDOT:PSS (44.8 F cm-3) films at the same current density.
At a very high current density of 4 A g-1, MoS2/PEDOT-2 film could still afford a
capacitance of 94.3 F cm-3, showing a capacitance retention rate of 66.7%, whilst neat
MoS2 and PEDOT:PSS films displayed a lower retention rate of 54.1% and 54.0%,
respectively. This enhanced capacitive performance can be attributed to the incorporation
of PEDOT:PSS between MoS2 nanosheets which not only prevents them from restacking,
but also improves the conductivity and charge transfer.

The cycling performance of these film electrodes was investigated at a current density of
1 A g-1. Both neat PEDOT:PSS and neat MoS2 films showed a capacitance drop of over
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10% in the first 2,000 cycles (Figure 4.8d). At the 5,000th cycle, the former offered a
capacitance retention rate of 85.0%, while the latter only retained 73.4% of its initial
capacitance. In contrast, MoS2/PEDOT-2 electrode only showed a slight volumetric
capacitance loss over 5,000 cycles. The retained capacitance was 116.2 F cm-3, 98.6% of
the initial capacitance (117.8 mF cm-3), suggesting its excellent cycling stability. Such
cycling performance is superior to the reported MoS2-conjugated polymer composite
electrodes, such as a 90% retention rate after 1,000 cycles for MoS2/PEDOT composites
[15] or 85% after 4,000 cycles for MoS2/polypyrrole composites [5]. It is also higher than
the reported MoS2/GO films (95% after 10,000 cycles at 300 mV s-1) [7].

Figure 4.8 (a) Galvanostatic charge/discharge curves of MoS2/PEDOT-2 film
supercapacitor at different current densities. (b) Charge/discharge curves at a current
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density of 0.2 A g-1. (c) Volumetric capacitances as a function of current densities of the
supercapacitors composed of film electrodes. (d) Cycling stability of the supercapacitors
based on neat MoS2, neat PEDOT:PSS and MoS2/PEDOT-2 film electrodes.

These cells were disassembled after the cycling test for investigation. Cracks were
generated on the MoS2 film (Figure 4.9a, b), which may be due to the weak interaction
between the partially overlapped MoS2 nanosheets that cannot withstand the repetitive
insertion/de-insertion of the ions. The MoS2/PEDOT-2 film still remained intact (Figure
4.9c, d) owing to the PEDOT:PSS acting as the “glue” to tightly bind the nanosheets
during the cycling. This clearly suggests an improved mechanical integrity in the hybrid
film, leading to good cycling stability.
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Figure 4.9 SEM images of MoS2 (a, b) and MoS2/PEDOT-2 films (c, d) before (a, c) and
after (b, d) cycling test.

The volumetric energy density and power density of these devices were calculated using
the equations of E = [CV × (ΔV)2]/(2 × 4 × 3600) and P = (3600 × E)/t, where E is the
volumetric energy density in Wh cm-3, P is the volumetric power density in W cm-3. The
device based on MoS2/PEDOT-2 films presented a volumetric energy density of 4.9 mWh
cm-3 at a volumetric power density of 0.19 W cm-3. At the highest discharge current
density, MoS2/PEDOT-2 could still deliver a volumetric power density of 3.9 W cm-3 with
an energy density of 3.3 Wh cm-3. The Ragone plot of the supercapacitors based on
MoS2/PEDOT-2 electrodes and the results from some recently reported MoS2-based
supercapacitors are shown in Figure 4.10. The 1T-MoS2 film displayed a superior energy
density of up to 16 mWh cm-3 in aqueous electrolyte [3]. This may be ascribed to its high
content of 1T-MoS2 nanosheets (~70%) and the low thickness of the film, only ~1 µm. It
should be pointed out that the film thickness can dramatically influence the capacitive
performance, since a higher ion diffusion length in the thick film leads to lower
charge/discharge rates and power densities [34]. The thicknesses of the films in this work
are close to those of commercial cell electrodes, which are in the range of 10 to several
hundreds of microns [35, 36]. The energy densities obtained using MoS2/PEDOT films
are also higher than or comparable to that of MoS2/GO composites [7] and directly
deposited

MoS2

thin

film

[37],

thermally

reduced

graphene

oxide-based

microsupercapacitors (TG MSCs) [38] or methane-plasma-treated graphene-based
microsupercapacitors (MPG MSCs) [39]. These results are also higher than observed with
conventional electrolytic capacitors [39] and lithium thin film batteries [40], suggesting
its potential applications as a practical supercapacitor electrode. Free-standing
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MoS2/PEDOT films developed in this work also possess better electrochemical
performance and remarkably enhanced mechanical robustness and flexibility compared
with those reported for MoS2/graphene films [7] and graphene/polymer films [23, 24],
suggesting that their use in flexible energy storage devices is viable.

Figure 4.10 Ragone plot of volumetric power and energy densities reported from
previously reported MoS2-based energy storage materials and some commonly applied
energy storage devices for comparison with MoS2/PEDOT-2 film.

Nyquist plots of electrochemical impedance spectroscopy (EIS) for these film electrodes
are depicted in Figure 4.11a. The simulated equivalent circuit consists of four elements
(Figure 4.11b): bulk resistance (Rs), charge-transfer resistance (Rct), Warburg impedance
(W) and constant phase element (CPE). All these film electrodes showed a small Rs of
2.64, 1.58, 2.46, 1.95 and 1.89 Ω for MoS2, PEDOT:PSS, MoS2/PEDOT-1,
MoS2/PEDOT-2 and MoS2/PEDOT-5, respectively. The hybrid films had a much smaller
Rct (50.6, 57.8 and 69.5 Ω for MoS2/PEDOT-1, MoS2/PEDOT-2 and MoS2/PEDOT-5
respectively) than that of neat films (106.7 Ω). The linear parts at the low frequency region
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are related to the ion diffusion process. It can be seen that all the hybrid films displayed
nearly vertical lines (>80o with Z’ axis), indicating a nearly ideal capacitive behaviour
[41]. In contrast, neat MoS2 film displayed a ~45o linear part, indicating the high diffusion
resistance of ions in the electrodes [42]. These results clearly demonstrate that these
hybrid films can allow faster ion diffusion and charge transport, which leads to the greatly
improved electrochemical properties (i.e. rate performance) as demonstrated.

Figure 4.11 (a) Nyquist plots (symbol) and the simulated curves (line) of neat and hybrid
films-based supercapacitors in 1 M Na2SO4. (b) The equivalent circuit diagram used to
simulate the Nyquist plots.

To investigate the potential application of these hybrid films in flexible devices, the
MoS2/PEDOT-2 films were further assembled into all-solid-state supercapacitors. The
device (inset of Figure 4.12a) was tested at a scan rate of 50 mV s-1 from 0 to 1.0 V under
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different bending angles (Figure 4.12a). The volumetric capacitances of the single
electrode were calculated using the equation: CV = ρ × Cg =

𝜌
𝑚𝑣𝛥𝑉

∫ 𝐼𝑑𝑉, where, v is the

scan rate in V s-1, ΔV is the potential window in V and I is the current in A. At the
relaxation (unbent) state, the MoS2/PEDOT-2 films supercapacitor delivered a CV of 156.3
F cm-3. When being bent to 90o, it displayed a well retained CV curve offering a
capacitance of 150.9 F cm-3, and a high capacitance retention rate of 96.6%. Even upon a
bending of 180o, this hybrid film still delivered a CV of 137.2 F cm-3, a retention rate of
87.8%. This device was subjected to a bending process for up to 1,000 times at 90o, no
significant changes can be observed (Figure 4.12b). It could still deliver a volumetric
capacitance of 125.1 F cm-3, 80.0% of that obtained from the initial unbent state. The
robustness and durability are very important features for practical bendable/flexible
supercapacitors. This proven integrity of these hybrid films against repeated bending
indicates that they are promising electrodes for use as flexible supercapacitors.

Figure 4.12 (a) Cyclic voltammograms of MoS2/PEDOT-2 film-based supercapacitor at
different bending angles at a scan rate of 50 mV s-1 (inset: photo of the flexible
supercapacitor device). (b) Cyclic voltammograms of MoS2/PEDOT-2 recorded during
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the bending process.

4.4

Conclusions

In this chapter, free-standing MoS2/PEDOT hybrid films were developed by simply
incorporating PEDOT:PSS into the chemically exfoliated MoS2 nanosheets via a simple
vacuum filtration technique. These hybrid films showed substantially enhanced
mechanical properties compared to neat MoS2 film, which can be explained by that the
polymer PEDOT acted as glue between MoS2 nanosheets. The robustness and flexibility
of these electrodes could also be evidenced by the electrode integrity being retained over
1,000 bending cycles. The highly conductive and hydrophilic PEDOT:PSS also
effectively improved the conductivity and charge delivery, resulting in greatly improved
electrochemical properties. The MoS2/PEDOT-2 hybrid film exhibited a large volumetric
capacitance of 141.4 F cm-3, a capacitance retention rate of 98.6% over 5,000 cycles and
a volumetric energy density of 4.9 mWh cm-3. The combination of good capacitive
performance and mechanical properties suggests its promising use for high-performance
flexible supercapacitors.
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5.1

Introduction

Lithium ion batteries (LIBs) are currently the predominant energy storage system for
applications in portable devices due to their high energy density, long service life, and
wide operating temperature [1, 2]. The fast growth of flexible/bendable electronics drives
the development of flexible LIBs and subsequently new materials for flexible electrodes
with desired lithium storage performance [3, 4]. Molybdenum disulfide (MoS2) is a
promising anode material in lithium ion batteries (LIBs) due to its high theoretical lithium
storage capacity (670 mAh g-1) and low cost [5, 6]. However, it possesses an intrinsic low
electrical conductivity [7] and poor cycling performance due to the large volume
expansion [8] limiting the electrochemical properties. The incorporation with highly
conductive and mechanically strong two-dimensional (2D) graphene nanosheets to form
MoS2/graphene composites can improve the electrochemical properties [9-11], owing to
the enhanced ionic and electronic conductivity. The strong interaction between sulfides
and graphene prevents aggregation of sulfides, stabilizing electrochemical performance
as well [11]. Such composites have demonstrated significant Li storage capabilities, such
as a capacity of 1100 mAh g-1 reported for a sphere-like MoS2/graphene [10] and 1021.2
mAh g-1 for MoS2 on nitrogen-doped graphene [12].

The MoS2/graphene composite is typically synthesized either by hydrothermal routes
involving high pressure and temperature [10, 11] or by using the exfoliated MoS2
nanosheets from time-consuming procedures with use of hazardous butyllithium [13, 14].
Furthermore, the produced composites are commonly in the form of powders and used
with added binders and conductive additives, limiting their application as flexible or
micro electrodes, especially on those substrates with uneven surface. In contrast,
electrodeposition can produce a conformal coating onto any shaped conductive surface
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with controlled thickness at room temperature; even on those micro-scaled threedimensional (3D) architectures with an increased vertical length [15-17].

MoS2 can be electrochemically synthesized from (NH4)2MoS4 in solution [18, 19].
Tuning the electrodeposition technique can produce controllable micro- or nanostructures.
For example, using polystyrene as template, MoS2 film with spherical porous structures
has been electrochemically fabricated [20]. In the case of incorporation with graphene
nanosheets, electrodeposited MoSx/graphene composite film has recently been prepared
for hydrogen evolution [21]. A previous report has demonstrated that graphene nanosheets
acted as a template and dopant in the electrodeposited polypyrrole/graphene film [22].
In this chapter, MoSx/graphene-based electrode was fabricated by electrochemical
deposition of the composite on a flexible stainless steel mesh substrate. The
MoSx/graphene film produced demonstrated an ideal 3D porous structure that was created
with randomly stacked graphene nanosheets decorated with MoS2 nanoparticles. Such
composite delivered an impressive electrochemical performance as the anode material for
lithium storage application, including a high specific capacity, superior rate capability and
excellent cycling stability.

5.2

Experimental

5.2.1

Synthesis of MoSx and MoSx/rGO

The MoSx and MoSx/rGO were synthesized using cyclic voltammetry (CV) as previously
reported [20]. Briefly, the electrodeposition was performed over the range of -1.3 to 0.4
V (vs. Ag/AgCl) at a scan rate of 20 mV s-1 for 30 cycles on a stainless steel mesh. The
solution contained 5 mM (NH4)2MoS4 and 0.1 M KCl with or without 0.25 mg mL-1 GO.
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5.2.2

Structure and morphology characterization

In this chapter, X-ray photoelectron spectroscopy (XPS) spectra were collected by
illuminating the samples with a non-monochromatic x-ray source (Omnivac) using Al Kα
(1486.6 eV) radiation, and the photoemission collected by an SES2002 analyser (Scienta).

5.2.3

Electrochemical characterization

The LR 2032 type coin cell was assembled with the electrode (0.8 × 0.8 cm) coupled with
a lithium foil using 1 M LiPF6 in 1:1 (v/v) ethylene carbonate/dimethyl carbonate as
electrolyte. Cyclic voltammetry (CV) was performed using a Solartron SI 1287. The
galvanostatic charge/discharge tests were performed using a LAND CT2001A battery test
system. Electrochemical impedance spectroscopy (EIS) measurements were carried out
using a Bio-logic workstation (VSP model) at an open circuit potential over the frequency
range of 0.01 Hz to 100 kHz with an AC amplitude of 10 mV.

5.3

Results and discussion

5.3.1

Preparation of the electrodes

The electrosynthesis of 3D porous MoSx/graphene film was conducted in a solution
containing (NH)4MoS4, graphene oxide (GO) and KCl. Anchoring of MoS42- ions on the
GO nanosheets due to electrostatic attraction between the oxygen-containing functional
groups on GO and the positively charged part in MoS42- [14] is expected, as illustrated in
Figure 5.1. These negatively charged nanosheets migrated and anchored onto the
stainless-steel mesh (SSM) substrate during the cyclic voltammetric scans (CV), where
the MoS42- ions were converted into particle-like molybdenum sulfide and GO was
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reduced to rGO. The continuously applied potential sweeps induced more nanosheets
anchoring on the substrate and reduced; and the random stacking of these sheets created
a porous 3D structure. The obtained electrodes have an areal mass loading of ~0.32 mg
cm-2 for MoSx/rGO and ~0.39 mg cm-2 for MoSx.

Figure 5.1 Schematic illustration of the formation of MoSx/rGO.

In this work, a potential range of -1.3 to 0.4 V (vs. Ag/AgCl) was applied, wherein the
most efficient MoSx growth has been demonstrated [20]. The cathodic peak at ~-0.8 V
represents the formation of MoS2 from the reduction of Mo [19]. The anodic peak at ~0.2 V corresponds to a process producing MoS3 that involves oxidation of a sulfide ligand,
followed by an intramolecular electron transfer to molybdenum metal and loss of sulfur
[23] (Figure 5.2). The involved reactions are:
MoS42- + 2e- + 4H+ → MoS2 + 2H2S

(5.1)

MoS42- → MoS3 + 1/8S8 + 2e-

(5.2)

Thus, the products are expected to be a mixture of MoS2 and MoS3 and denoted as MoSx.
The current responses increased with the proceeding scans indicative of materials growth.
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The additional cathodic peak at ~-1.1 V during the growth of MoSx/rGO, was the
reduction of GO [24]. The use of stainless-steel mesh substrates endows good flexibility
of the electrodes (Inset of Figure 5.2b).

Figure 5.2 Cyclic voltammograms during the growth of MoSx (a) and MoSx/rGO
composite (b). Inset of (b) shows the flexibility of the MoSx/rGO electrode.

5.3.2

Physical and structural characterization

The obtained MoSx and MoSx/rGO were characterized by Raman. Distinct peaks at 374.5,
406.6 and 455.7 cm-1 were observed in the Raman spectra of MoSx and MoSx/rGO (Figure
5.3), which correspond to the respective E12g, A1g and 2LA modes of hexagonal MoS2
crystal [25] proving the existence of MoSx. The D band and G band at 1329.1 and 1600.7
cm-1 of graphene can also be found in MoSx/rGO, evidence of the formation of composite.
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Figure 5.3 Raman spectra of MoSx, MoSx/rGO and GO.

The chemical composition of these materials was further characterized with X-ray
photoelectron spectroscopy (XPS). Both MoSx/rGO and MoSx showed strong Mo and S
peaks in the wide spectra (Figure 5.4a, d), the evidence of molybdenum sulfides. The
intensity ratio of Mo:S for MoSx and MoSx/rGO was 1:2.7 and 1:2.4, proving the
existence of MoS3. In the Mo 3d region, two major peaks at ~229.2 and 232.4 eV can be
assigned to Mo 3d5/2 and Mo 3d3/2 binding energies (Figure 5.4b, e), typical for Mo4+ in
MoS2. The peak at ~235.2 eV arises from Mo6+. In the S 2p region (Figure 5.4c, f), two
dominant peaks at the lower binding energy (~161.7 and 162.8 eV) represent S2- 2p3/2 and
S2- 2p1/2, characteristic S 2p peaks of MoS2 crystals. The other two peaks at ~163.0 and
164.3 eV are attributed to S22- 2p3/2 and S22- 2p1/2, suggesting the existence of bridging
S22- ligands, which constitutes the MoS3 in the form of MoIV(S2-)(S22-) [26]. The peak
representing C-O and C=O at ~289.2 eV and ~290.0 eV decreased dramatically in the C
1s spectra of MoSx/rGO (Figure 5.4g, h). The C/O ratio in MoSx/rGO increased to 4.0
from 1.9 for GO, which confirms the reduction of GO in this composite.
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Figure 5.4 XPS survey spectra, Mo 3d spectra and S 2p spectra of MoSx (a-c) and
MoSx/rGO (d-f). C 1s spectra of GO (g) and MoSx/rGO (h).

The GO nanosheets used in this work were characterized by AFM. As shown in Figure
5.5a, the sheet size of a typical GO nanosheet is in a range of several hundred of
nanometres to a couple of microns. The average thickness was measured to be ~ 1.1 nm
(Figure 5.5b), which is typical for a single-layer GO sheet [27].
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Figure 5.5 AFM topology (a) and height profile (b) of GO nanosheets.

As characterized by SEM, the MoSx film with granular surface was uniformly coated on
the SSM (Figure 5.6a, b). It was of a compacted nature with a thickness of ~354 nm
(Figure 5.6c). The MoSx/rGO film displayed a porous three-dimensional architecture that
was created by the randomly stacked nanosheets (Figure 5.6d-f). The typical thickness of
the nanosheets was ~89 nm, and the sheet size was around several hundreds of nanometres
in accordant with that of GO nanosheets. The decorated nanoparticles in a size of 20 to
50 nm on the sheets formed a granular surface.
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Figure 5.6 SEM images of MoSx (a-c) and MoSx/rGO (d-f) at different magnifications.

The energy dispersive X-ray spectroscopy (EDS) results evidenced that the nanoparticles
coated on the rGO sheets were MoSx (Figure 5.7). The elements Mo and S were uniformly
distributed, indicating an even distribution of MoSx nanoparticles on the composite sheets.
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Figure 5.7 EDS elemental mapping of Mo, S and C of MoSx/rGO composite.

This sheet-like structure with a granular surface can be further confirmed by the
transmission electron microscopy (TEM) images (Figure 5.8a). The uncoated rGO sheet
at the edge of the composite sheet (Figure 5.8b) evidences its role as a backbone or
template for the growth of MoSx. The neat MoSx film consisted of bulky particles (Figure
5.8c). A typical lattice spacing of 0.66 nm corresponding to the (002) crystal plane of
layered MoS2, was shown for both MoSx and the composite (Figure 5.8b, d), yet in an
amorphous state indicated by the absence of characteristic peaks in the XRD patterns
(Figure 5.8e).
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Figure 5.8 TEM images of MoSx/rGO (a, b) and MoSx (c, d). (e) XRD patterns of MoSx
and MoSx/rGO.
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5.3.3

Electrochemical characterization

The electrochemical properties of MoSx and MoSx/rGO in a LIB were investigated using
cyclic voltammetry at 0.2 mV s-1 and galvanostatic charge discharge at 0.1 A g-1. They all
exhibited similar characteristic peaks in the cyclic voltammograms (Figure 5.9a, b): a
sharp cathodic peak at ~0.5 V in the first cycle corresponding to formation of solid
electrolyte interphase (SEI), a main cause for the irreversible capacity in the
charge/discharge profiles (Figure 5.9c, d) [28]. In the following cycles, three cathodic
peaks at approximately 1.83, 1.05 and 0.45 V were shown, which respectively
corresponds to the formation of Li2S and LixMoS2, decomposition of lithiated MoS2.[15]
In the anodic process, two major peaks at ~1.52 and 2.31 V were presented, which can be
ascribed to the partial oxidation of Mo forming MoS2, and formation of sulfur,
respectively [29]. The plateaus at 2.0 and 1.2 V in the discharge process, and 2.1 and 1.3
V in the charge process (Figure 5.9c, d) agree well with the CV results.
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Figure 5.9 The first three cyclic voltammograms of MoSx (a) and MoSx/rGO (b) over a
potential range of 0.0-3.0 V vs. Li/Li+ at 0.2 mV s-1. The first three charge/discharge
curves of MoSx (c) and MoSx/rGO (d) at 0.1 A g-1.

The rate capabilities of MoSx and MoSx/rGO were investigated (Figure 5.10a). The
MoSx/rGO film showed much higher specific discharge capacities at all the current
densities applied (0.1-2 A g-1). At 0.1 A g-1, neat MoSx delivered an initial capacity of 588
mAh g-1 and a reversible capacity of 562 mAh g-1, whereas it was 1370 and 1214 mAh g1

for MoSx/rGO. The MoSx/rGO demonstrated an excellent rate capability: 1137, 1095,

1058, 1051 and 1016 mAh g-1 at a current density of 0.2, 0.4, 0.8, 1 and 2 A g-1,
respectively. This material can be readily electrodeposited onto the flexible substrate with
uneven surface and even those micro-scaled 3D type with an increased electrode height
as a conformal coating [16, 17]. All these features prove that this MoSx/rGO film is highly
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competitive as a flexible anode in LIBs.

The cycling performance of MoSx and MoSx/rGO was studied at a current density of 0.1
A g-1 (Figure 5.10b). The neat MoSx shows an ascending trend with a capacity of 709
mAh g-1 delivered at the 100th cycle from the initial 585 mAh g-1. The composite
displayed an overall ascending trend as well, a capacity of 1504 mAh g -1 at the 110th
cycle compared to the initial 1299 mAh g-1. The ascending trend in capacity can be mainly
due to the low crystallinity of MoSx, in which the existence of MoS3 can help stabilize
the polysulfides generated from MoS2 upon discharging, preventing them from diffusion
loss [30]. This can be supported by the electrochemical impedance spectra (Figure 5.10c,
d). The charge transfer resistance (Rct) for MoSx and MoSx/rGO became lower after the
cycling test, demonstrating the enhanced kinetic performance upon cycling. These two
materials displayed a Coulombic efficiency (CE) of 98.3% and 97% for the first cycle,
and then it remained at ~100%, meeting the requirement (>90%) of commercial graphite
[31]. Such high initial CE at the first cycle might be ascribed to the easy access of
electrolyte to MoSx film with nano-scale granular surface and MoSx/rGO film with a
hierarchical porous structure. Absence of inactive materials in the electrode, free of
surface oxide layer contamination may also contribute to the high CE as previously
reported [32]. A high and stable CE is critical to achieve excellent cycling stability [33].
Such excellent electrochemical Li storage performance afforded by MoS x/rGO may be
ascribed to its unique structure: highly conductive rGO matrix acts as the pathway for
electron transport benefiting the rate performance; the well-dispersed MoSx nanoparticles
afford fast redox reactions; the enlarged electrode/electrolyte interface from the 3D
porous structure further facilitates the ion diffusion into the inner structure of the electrode
materials.
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Figure 5.10 Rate performance (a) and cycling behaviours at 0.1 A g-1 (b). Nyquist plots
of the fresh cells (c) and cells after 100 cycles (d) at 0.1 A g-1 (solid line: fitted curves;
Inset of (d): the equivalent circuit).

The great rate performance of these MoSx-based electrodes inspired the investigation of
the Li-storage mechanism. The overall capacity of a material is derived from the
intercalation of Li ions and pseudocapacitive behaviours (e.g., faradaic reactions at the
surface) [34]. This study is based on the CV data at different scan rates (0.2-1 mV s-1)
(Figure 5.11a, d). Two oxidative and two reductive peaks are marked as O1, O2, R1 and
R2, respectively. The power-law relationship between peak current and scan rate is
described in the following equations [34, 35]:
i = avb

(5.3)
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log(i) = b log(v) + log(a)

(5.4)

where i is the peak current in mA, v is the scan rate in mV s-1, and a and b are adjustable
parameters. The b-value can be obtained as the slope of the linear line in the plot of log(i)
vs. log(v) (Figure 5.11b, e). To quantify the contributions of capacitive and intercalation
reactions, the following equation based on the dependence between peak current and scan
rate was applied [34, 35]:
i = k1v + k2v1/2

(5.5)

where i is the peak current in mA, v is the scan rate in mV s-1, and k1 and k2 are constants.
Herein, k1v and k2v1/2 are the capacitive and intercalation components, respectively. By
rearranging the equation to i/v1/2 = k1v1/2 + k2, the i/v1/2 vs. v1/2 plots were depicted in Figure
5.11c and 5.11f, in which constants k1 and k2 can be obtained as the slope and y-intercept
of each line.

Figure 5.11 Cyclic voltammograms recorded at different scan rates, log i vs. log v plots
for each peak, and relationship between the peak current and the scan rate of MoS x/rGO
(a-c) and MoSx (d-f).
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The pseudocapacitive contributions at various scan rates are thus shown in Figure 5.12,
where their percentages are all larger than 70%, clearly demonstrating that the overall
capacity was majorly contributed by pseudocapacitive behaviours.

Figure 5.12 Bar chart displaying the pseudocapacitive contributions of MoSx and
MoSx/rGO.
The composition of the overall capacity can also be reflected by the b-value. When bvalue is 0.5, the electrochemical process is dominated by a diffusion-controlled
intercalation, while it is mainly controlled by the pseudocapacitive reactions with a bvalue of 1. The b-value of both samples is in a range of 0.79-1.00 (Table 5.1), inferring
that the pseudocapacitive component plays the major part in the overall capacity. The
charge storage of Li from faradaic reactions at the material surface is of great significance
when the material is close to nanoscale [36, 37], that can perform fast Li storage
behaviours. It can hence elucidate the excellent rate capability of MoSx and MoSx/rGO.
Table 5.1 b-values at each redox peak of neat MoSx and MoSx/rGO samples.
Samples

O1

O2

R1

R2

MoSx

0.94 0.83 1.00 0.79

MoSx/rGO 0.85 0.86 0.93 0.83
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5.4

Conclusions

In summary, the electrodeposited MoSx and MoSx/rGO composite films exhibit the Li
storage behaviour typical of molybdenum sulfide. The composite film demonstrates an
exceptional performance including high capacity, excellent rate capability and superior
cycling performance. Such performance can be attributed to its ideal structure: a 3D
porous structure created with nanosheets that is composed of conductive graphene
nanosheets decorated with nano-granuled MoSx particles. The large pseudocapacitive
contribution to the overall capacity affords excellent rate performance. The combination
of the outstanding electrochemical properties and the facile and straightforward
fabrication method makes this highly integrated 3D MoSx/rGO composite a promising
material for flexible LIBs or micro-scaled LIBs.
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6. The Combination of a Phosphonium Cation Ionic
Liquid

and

a

3D

Porous

Molybdenum

Sulfide/Graphene Electrode for Thermally Stable
High Performance Lithium-ion Batteries
This chapter is adapted from the research article entitled “Towards thermally stable high
performance lithium-ion batteries: the combination of a phosphonium cation ionic liquid
and a 3D porous molybdenum disulfide/graphene electrode” by Ge, Y.; Pozo-Gonzalo,
C.; Zhao, Y; Jia, X.; Kerr, R.; Wang, C.; Howlett, P. C. and Wallace, G. G. in Chemical
Communications, 2018, 54, 5338-5341.
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6.1

Introduction

Lithium-ion battery (LIB) technologies with increased energy storage capabilities as well
as reliability at high temperature are required to meet the needs of advanced electronics
[1, 2]. Safety issues have received significant attention in recent years [3]. Traditional
electrolytes for LIBs are composed of volatile and flammable organic solvents containing
toxic lithium hexafluorophosphate (LiPF6). Ionic liquids are salts that their melting points
are below 100 oC, due to the weak electrostatic interactions between organic ions [4]. If
molten at room temperature, they are typically named as room temperature ionic liquids
(RTILs). As the compounds that contain only ions, RTILs possess intrinsic ionic
conductivity. Also, RTILs have low volatility with greatly reduced flammability [5, 6].
The merits of low volatility, high ionic conductivity and excellent electrochemical
stability make RTILs a promising alternative electrolyte for LIBs [7].

RTIL electrolytes based on the bis(trifluoromethanesulfonyl)imide (TFSI) or the
bis(fluorosulfonyl)imide (FSI) anions coupled with nitrogen-based cation have been well
studied as electrolytes in lithium/sodium batteries with a demonstrated stable cycling
performance [5, 6, 8-10]. The recently developed phosphonium-based ionic liquids offer
comparable to or even superior properties than those ammonium derivatives with regards
to the properties of Li+ transport and electrochemical windows [11-14]. For instance, the
IL containing phosphonium with an alkyl ether chain demonstrated an electrochemical
window of 4.1 V and a high Li+ transport number of 0.54 [12]; while that with a small
alkyl phosphonium imide demonstrated a high electrochemical window of 5.7 V, a low
viscosity of 18.4 mPa s, and a high conductivity of 13.8 mS cm-1 [13]. While these features
are all highly desirable for LIBs, the use of these electrolytes in a lithium battery system
coupled with a 3D porous structured material has not been demonstrated.
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To realize the full potential of an IL electrolyte in a LIB, the electrode must be welldesigned with a structure that allows complete wetting of electrolyte and minimizes mass
transport losses arising from the higher viscosities. Traditional graphite anodes may not
be suitable in this regard because of its low theoretical capacity (372 mAh g-1).
Molybdenum disulfide (MoS2) has emerged as a promising anode candidate owing to its
high theoretical capacity (670 mAh g-1) [15, 16]. Moreover, it can be easily fabricated
into various nanostructured composites electrodes to achieve outstanding lithium storage
performance. In the last chapter, an electrochemically synthesized molybdenum
sulfide/graphene nanocomposite with a 3D porous structure has demonstrated excellent
lithium storage performance. Hence, it is worthwhile to study the electrochemical
properties of this type of material in IL electrolytes.

In this chapter, a combination of a small phosphonium cation IL-based electrolyte with a
molybdenum sulfide-based electrode is proposed for lithium storage applications. The
applied

electrolyte,

a

mixture

of

trimethyl(isobutyl)phosphonium

bis(fluorosulfonyl)imide (P111i4FSI) and lithium bis(fluorosulfonyl)imide (LiFSI) has
demonstrated good performance in lithium batteries with a LiNi1/3Mn1/3Co1/3O2 cathode
affording a stable capacity of 130 mAh g-1 over 200 cycles at 0.25 mA/cm2 [14]. An
electrochemically deposited molybdenum

disulfide/graphene

composite via a

potentiostatic method with a three-dimensional porous structure was used as the electrode
in this work. The assembled cells exhibited excellent energy storage capacities at room
temperature, and a remarkable stability and even better rate capability at higher
temperature. This work may provide a good avenue towards practical LIB applications
with both high performance and reliability at high temperature.

157

6.2

Experimental

6.2.1

Synthesis of MoS2 and MoS2/rGO

The MoSx and MoS2/rGO was synthesized using potentiostatic deposition. Briefly, the
electrodeposition was performed at a potential of -1.2 V (vs. Ag/AgCl) for 60 min on a
stainless steel mesh from a solution containing 5 mM (NH4)2MoS4, 0.1 M KCl with or
without 0.25 mg mL-1 GO.

6.2.2

Preparation of IL-based electrolyte

The IL electrolyte mixture with LiFSI (3.2 mol kg-1) was prepared by an addingdissolving process, followed by drying under vacuum for 48 hours at 80 oC in the presence
of sodium hydride (NaH) until the water content was below 50 ppm (determined by Karl
Fischer titration analysis).

6.2.3

Structure and morphology characterization

In this chapter, X-ray photoelectron spectroscopy (XPS) spectra were collected by
illuminating the samples with a non-monochromatic x-ray source (Omnivac) using Al Kα
(1486.6 eV) radiation, and the photoemission collected by a SES2002 analyser (Scienta).

6.2.4

Electrochemical characterization

The LR 2032 type coin cell was assembled with an electrode (0.8 × 0.8 cm) coupled with
a lithium foil. The electrolyte used was either IL electrolyte or 1 M LiPF 6 in 1:1 (v/v)
ethylene carbonate/dimethyl carbonate. A piece of glass fibre was used as separator.
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Cyclic voltammetry (CV) was performed on a Solartron SI 1287. The galvanostatic
charge/discharge tests were performed on a BTS3000 battery test system (Neware
Electronic Co.). Electrochemical impedance spectroscopy (EIS) measurements were
carried out on a Bio-logic workstation (VSP model) at an open circuit potential over the
frequency range of 0.01 Hz to 100 kHz. The charge/discharge tests at 50 oC were
performed on BioLogic 810 Battery Cycler combined with AISET Laboratory incubator.

6.3

Results and discussion

6.3.1

Physical properties of the IL electrolyte

The chemical structure of P111i4FSI is depicted in Figure 6.1. The physicochemical
properties of P111i4FSI containing various concentrations of LiFSI (0.5-3.8 mol kg-1) have
been well studied previously [11]. P111i4FSI with small cations has been demonstrated to
have lower viscosity than the traditional phosphonium-based ILs with large cations.
Adding LiFSI into P111i4FSI has increased the concentration of Li+ in the electrolyte,
which has been demonstrated in lithium batteries to allow better rate capability than those
with organic electrolytes [14]. The IL mixture with 3.2 mol kg-1 LiFSI was used because
of its favourable physicochemical and Li+ transport properties for use in a LIB: no melting
and crystallization along with a very low glass transition (-72.9 ± 0.2 oC); a reasonable
ionic conductivity of 0.9 ± 0.1 mS cm-1; and a larger Li transference number (0.40 ± 0.01)
than the conventional LiPF6/EC/DEC electrolyte at 25 oC (0.24 ± 0.087) [17].

Figure 6.1 Chemical structure of P111i4FSI.
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6.3.2

Physical and structural characterization of the electrodes

The electrochemical synthesis of 3D porous MoS2/graphene was performed in a solution
containing (NH)4MoS4, graphene oxide (GO) and KCl. Upon the applied negative
potential of -1.2 V, GO nanosheets decorated with MoS42- migrated and attached onto the
stainless-steel mesh (SSM) substrate, where MoS42- was converted into MoS2 following
a reaction of MoS42- + 2e- + 4H+ → MoS2 + 2H2S (6.1) [18, 19]. Meanwhile, GO was
reduced at such negative potential [20], denoting the composite as MoS2/rGO thereafter.
The random stacking of these sheets created a porous 3D structure. The areal mass loading
of the MoS2/rGO electrode (~0.55 mg cm-2) is higher than the MoSx/rGO electrode
obtained by cyclic voltammetry method (~0.32 mg cm-2) in Chapter 5, which may be
more favourable for practical use.

Scanning electron microscopy (SEM) was applied to characterize the structures. The neat
MoS2 film was uniformly coated on the SSM (Figure 6.2a) with a compact structure and
a thickness of ~640 nm. As revealed by both the cross-sectional view and topographic
images, the MoS2/rGO electrode displayed a porous 3D architecture created by the
randomly stacked nanosheets (Figure 6.2b, c). Such film-like structure showed an average
thickness of ~3 µm, higher than that of the molybdenum sulfide/graphene film deposited
by cyclic voltammetry (1-2 µm from 30 cycles) in Chapter 5. The lateral size of the
composite nanosheets was in a range of several hundreds of nanometres with a typical
thickness of ~72 nm, lower than that of the CV deposited composite nanosheets (89 nm).
At a higher magnification, the composite sheets displayed a granular surface structure
(Figure 6.2d), which was similar with the CV deposited nanosheets. High-resolution
transmission electron microscopy (HRTEM) further evidenced the even coating of MoS2
on rGO sheets (Figure 6.2e). At a higher magnification, a lattice spacing of 0.65 nm was
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shown (Figure 6.2f) corresponding to the (002) crystal plane of layered MoS 2. These
results clearly demonstrate that graphene nanosheets may act as the template and
backbone for the growth of MoS2.

Figure 6.2 SEM images of MoS2 (a; inset shows the thickness) and MoS2/rGO (b-d) at
different magnifications. (e, f) TEM images of MoS2/rGO.
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The formation of MoS2 was confirmed by Raman. Distinct peaks at 354.6, 410.1 and
458.7 cm-1 were observed in the Raman spectra of neat MoS2 and MoS2/rGO (Figure 6.3),
which respectively correspond to the E12g, A1g and 2LA modes of hexagonal MoS2 crystal
[21], confirming the existence of MoS2. For MoS2/rGO, the D band and G band of
graphene at 1322 cm-1 and 1601 cm-1 can also be found, evidencing the formation of a
composite.

Figure 6.3 Raman spectra of MoS2, MoS2/rGO and GO.

The formation of molybdenum sulfide can be further confirmed by X-ray photoelectron
spectroscopy (XPS). The wide XPS spectrum of MoS2/rGO showed strong Mo and S
peaks (Figure 6.4a), wherein the intensity ratio of S:Mo was calculated to be 1.96, very
close to the stoichiometric number of 2 for crystalline MoS2, thus the nomenclature
“MoS2” was used in this chapter. This ratio was lower than the 2.4 obtained for the
MoSx/rGO composite synthesized using cyclic voltammetry, since that MoS3 was formed
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during the anodic process of cyclic voltammetric scans. In the Mo 3d region, two major
peaks at ~229.6 eV and 232.6 eV can be ascribed to Mo 3d5/2 and Mo 3d3/2 binding
energies (Figure 6.4b), typical for Mo4+ in MoS2. The peak at ~235.5 eV is assigned to
Mo6+. In the S 2p region (Figure 6.4c), a strong doublet at the lower binding energy
(~161.8 and 163.0 eV) represent S2- 2p3/2 and S2- 2p1/2, characteristic S 2p peaks of MoS2
crystals. Another weaker doublet at ~163.2 and 164.3 eV arise from S22- 2p3/2 and S222p1/2, indicating the existence of bridging S22- ligands, which constitutes MoS3 in the form
of MoIV(S2-)(S22-) [22], suggesting the presence of MoS3 of a minor content. The peaks
representing C-O and C=O at ~285.2 eV and ~287.9 eV decreased dramatically in the C
1s spectra of MoS2/rGO compared to that of GO (Figure 6.4d, e), proving the massive
removal of oxygen-containing groups, namely, reduction of GO.

Figure 6.4 XPS survey spectra (a), Mo 3d spectra (b) and S 2p spectra (c) of MoS2/rGO.
The C 1s spectra of GO (d) and MoS2/rGO (e).
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6.3.3

Electrochemical characterization

The electrochemical performance of the cells at room temperature was investigated using
cyclic voltammetry (CV) at 0.2 mV s-1 and galvanostatic charge/discharge at 0.1 A g-1.
Here, four types of cells were assembled with the combination of two types of electrodes
(MoS2; MoS2/rGO labelled as MG) and two electrolytes (3.2 mol kg-1 LiFSI in P111i4FSI,
labelled as IL; 1 M LiPF6 in 1:1 ethylene carbonate/dimethyl carbonate, labelled as CE).
These cells are denoted as MG-IL, MG-CE, MoS2-IL, and MoS2-CE, respectively. The
MG-IL cell displayed a sharp cathodic peak at ~0.5 V in the first CV cycle (Figure 6.5a)
corresponding to the formation of solid electrolyte interphase (SEI), a main cause for the
irreversible capacity in the charge/discharge profile (Figure 6.5b) [23]. In the following
cycles, three cathodic peaks at around 1.82 V, 1.02 V and 0.41 V were shown, which can
be assigned to the formation of Li2S and LixMoS2, decomposition of lithiated MoS2,
respectively [24]. In the anodic process, two major peaks at ~1.56 and 2.28 V were shown
which arose from the partial oxidation of Mo forming MoS2, formation of sulfur,
respectively [24]. In the charge/discharge profile, plateaus at ~2.0 and ~1.0 V in the
discharge process, and ~2.2 and ~1.4 V in the charge process can be seen; they are the
typical Li storage characteristics of MoS2-based materials and are consistent with the CV
results. Similar electrochemical behaviours were presented by MG-CE, MoS2-CE and
MoS2-IL cells as well (Figure 6.5c-h).
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Figure 6.5 The first three cyclic voltammograms over a potential range of 0.0-3.0 V vs.
Li/Li+ at 0.2 mV s-1 and the first three charge/discharge curves at 0.1 A g-1 of MG-IL (a,
b), MG-CE (c, d), MoS2-CE (e, f), and MoS2-IL (g, h).

The rate performance of these cells at room temperature was investigated (Figure 6.6a).
They all delivered a very high specific capacity of 1131, 1044, 1259 and 1109 mAh g-1
during the first cycle for MG-CE, MG-IL, MoS2-CE and MoS2-IL, respectively. The MGCE exhibited the highest reversible capacities at all the current densities investigated (0.11 A g-1): 955, 875, 829, 790 and 782 mAh g-1 for 0.1, 0.2, 0.4, 0.8 and 1 A g-1 -applied
current. The MG-IL offered a comparable capacity of 852, 793 and 761 mAh g-1 at a
current density of 0.1, 0.2 and 0.4 A g-1; a lower capacity of 629 and 590 mAh g-1 at 0.8
and 1 A g-1. This may be attributed to the higher viscosity and lower conductivity of the
IL electrolyte. The rate capability of both MG cells is superior to those obtained using
MoS2, confirming advantages accrued using the 3D porous structure over that of a
compact nature. It can be attributed to the following aspects: high conductivity of the rGO
matrix improving the electron transport; enlarged electrode/electrolyte interface which
facilitates greater Li+ diffusion into the electrode structure. Importantly, the capacity
delivered from the MG-IL cell was even higher than that of the reported MoS2-CNT
composite thin film electrodes with a similar film thickness of 4 μm and a mass loading
of 0.5 mg cm-2 in EC/DEC-based electrolyte (647 mAh g-1 at 100 mA g-1) [25].

The cycling performance at room temperature was studied at a current density of 0.4 A g1

(Figure 6.6b). All systems investigated displayed a good cycling stability over 100

charge/discharge cycles, and the MG-CE showed the best cycling performance of an
initial reversible capacity of 828 mAh g-1 and 819 mAh g-1 at the 100th cycle, a retention
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rate of 99% with a stable Coulombic efficiency close to 100%. The MG-IL delivered an
initial reversible capacity of 794 mAh g-1 and 737 mAh g-1 at the 100th cycle with a
retention rate of 93% and a Coulombic efficiency of 94%, which is inferior to the MGCE cell.

Figure 6.6 (a) Discharge capacities of the cells recorded over a potential range of 0.0-3.0
V vs. Li/Li+ at various current densities. (b) Cycling performance of the cells recorded at
a current density of 0.4 A g-1, and the Coulombic efficiency of the MG-CE and MG-IL.

These cells were further characterized by electrochemical impedance spectra (EIS). The
Nyquist plots with a suppressed semi-circle at high-frequency region and a linear part at
low-frequency region were fitted using an equivalent circuit model composed of Rs, Rct,
CPE and ZW, representing contact resistance, charge transfer resistance, constant phase
element, and Warburg impedance, respectively. It is noticeable that the MG-IL showed a
lower Rct (32 Ω) than that of the MG-CE (87 Ω) (Figure 6.7a). This may be attributed to
the high concentration of LiFSI in the IL electrolyte, leading to an increased Li +
transference number [11]. Both MoS2-CE and MoS2-IL exhibited a larger Rct of 115 and
151 Ω (Figure 6.7b), which is possibly due to their compact film structure.
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Figure 6.7 Nyquist plots of the (a) MG-CE and MG-IL cells and (b) MoS2-CE and MoS2IL cells (solid line: fitted curves; Inset shows the equivalent circuit).

The charge/discharge performance of MG-IL cells at a high temperature (50 oC) was
investigated with the MG-CE cells as controls. However, most of the MG-CE cells failed
even at the first cycle, and no sufficient results could be collected. This may be ascribed
to the poor thermal stability of organic solvent and the possible decomposition of LiPF6
salt at 50 oC. In contrast, the MG-IL cell displayed an excellent rate performance (Figure
6.8a), a reversible capacity of 843, 804, 774, 743 and 728 mAh g-1 was delivered at 0.1,
0.2, 0.4, 0.8 and 1 A g-1, respectively. The capacities at lower current densities (0.1-0.4 A
g-1) are very close to those recorded at room temperature, yet there is a ~20% increase in
the capacities delivered at 0.8 and 1 A g-1. It indicates that the ionic liquid electrolyte not
just withstands the high temperature owing to its outstanding thermal stability, but also
benefits from the resultant lowered viscosity and improved ionic conductivity [11]. The
MG-IL showed an excellent cycling performance over 100 cycles at 0.4 A g-1: the capacity
did not drop but slightly ascended (Figure 6.8b). Also, the Coulombic efficiency was kept
at ~100% for all the cycles. The slight increase of the capacity over the cycling may be
due to the slow wetting of the electrode by electrolyte. All these results suggest the
168

potential use of P111i4FSI IL electrolyte in LIBs to simultaneously ensure safety and retain
high performance at high temperature.

Figure 6.8 Rate capability (a) and cycling performance at 0.4 A g-1 (b) of MG-IL recorded
at 50 oC.

6.4

Conclusions

In summary, the electrodeposited MoS2/rGO composite as an electrode exhibited high
capacities, good rate capability and good cycling stability when using P 111i4FSI ionic
liquid-based electrolyte for lithium storage. The graphene-backboned 3D architecture
provided an enhanced electrode/electrolyte interface, which facilitates easy access of IL
electrolyte with high viscosity. Importantly, this type of cell demonstrated an outstanding
cycling and rate performance at a high temperature of 50 oC owing to the thermal
properties of IL. This work may provide a solution for fabricating high-performance and
safe lithium-ion batteries at high temperatures.
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7. Conclusions and Outlook
7.1

Conclusions

The main goal of this doctoral work is to develop 2D materials-based flexible electrodes
with high performance and good mechanical properties for flexible energy storage
devices. These types of devices have the potential to be integrated or embedded into
flexible electronic devices creating multifunctional systems. Graphene and MoS 2 are
investigated in this work due to their outstanding electrochemical properties, ease of
processability, abundant resources and low cost.

In order to utilize the full potential of these 2D materials in the form of flexible films,
different strategies have been applied to fabricate composite electrodes with 3D porous
structures, including introducing a second component as redox-active spacers in the freestanding films and direct electrochemical deposition of composites onto flexible
substrates. As a result, these novel flexible electrodes have demonstrated greatly
improved performance in either supercapacitors or lithium-ion batteries; two most
prevalent types of energy storage devices at present.

7.1.1

Supercapacitors

As a type of devices for fast energy storage/release, flexible supercapacitors should
possess high capacitance, high rate capability and long cycling life, which require
electrode materials to provide large accessible surface area for rapid ion
adsorption/desorption. 2D materials are promising electrode materials owing to their large
surface area, good conductivity and excellent electrochemical stability. The free-standing
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films are chosen as electrodes in this part. They are free of binder and additives and can
be used directly in devices for providing high energy density by avoiding those
components of no contribution to capacitance. They can be easily fabricated through
vacuum filtration from their dispersions. However, the commonly formed densely
restacked structure in such films limits the accessible surface area for charge
accumulation, resulting in low performance. To overcome such a drawback, redox-active
conducting polymers are introduced to fabricate the composite/hybrid films. Here,
conducting polymers not only serve as spacers to prevent 2D nanosheets from restacking,
improve the conductivity, but also contribute additional pseudocapacitance as well.

A homogeneous dispersion of polypyrrole nanoparticles (PPy, a representative
conducting polymer) and graphene nanosheets is used to form free-standing composite
films via filtration. These PPy nanoparticles, with a size of ~114 nm, are water-dispersible.
The dispersibility is derived from the use of a PVA template that modifies the surface of
the particles, improving the hydrophilicity. Incorporating such PPy nanoparticles as
spacers effectively prevent the restacking of graphene nanosheets along with the creation
of a 3D porous structure. When used as electrodes for supercapacitors, this composite
film shows greatly improved electrochemical performance, such as a high areal
capacitance of 216 mF cm-2 at 0.2 mA cm-2 and 87% capacitance retention over 5,000
charge/discharge cycles at 4 mA cm-2 in aqueous electrolyte (1 M Li2SO4). Meanwhile,
these films are robust and exhibit good mechanical properties, including high fracture
strength, Young’s modulus and excellent flexibility. These are all preferable features for
flexible electrodes.

The following work has expanded the vision to 2D MoS2 nanosheets, a recently emerged
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inorganic analogue of graphene. MoS2 also has great potential in energy storage
applications, mainly because of its large surface area and wide range of oxidation states
of Mo for charge storage. Using MoS2 dispersions produced by chemical exfoliation,
robust free-standing films are difficult to be fabricated via filtration or with very poor
mechanical properties due to the lack of strong interactions between the overlapped layers,
limiting their usage as flexible electrodes. Such a problem is successfully solved by
hybridizing MoS2 nanosheets with PEDOT:PSS, a conducting polymer that is able to form
mechanically strong films itself or in a hybrid system. The obtained MoS2/PEDOT:PSS
hybrid film electrodes have shown remarkably enhanced mechanical robustness,
conductivity as well as capacitive performance. For example, it delivers a high volumetric
capacitance of 141.4 F cm-3 at 0.2 A g-1, and only a 1.4% loss of capacitance after 5,000
cycles at 1 A g-1 in aqueous electrolyte. Moreover, it demonstrates excellent integrity upon
bending tests in the all-solid-state supercapacitors.

7.1.2

Lithium-ion batteries

Using conducting polymer spacers to improve the electrochemical performance of 2D
materials-based film electrodes have been well demonstrated for the applications in
supercapacitors. To further explore the potential of these 2D nanosheets as energy storage
materials, their applications in lithium-ion batteries have been exploited. They are
involved

in

the

fabrication

of

nanocomposites

with

other

electroactive

materials/compounds, in which these 2D nanosheets can also be used as a “skeleton” to
create desired micro-/nanostructures, achieving synergistic effects for high energy storage
performance.

Flexible molybdenum sulfide/graphene (MoSx/rGO) composite electrodes are fabricated
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using stainless steel mesh as substrate through an electrochemical synthetic strategy. This
type of method is usually simple, fast and controllable. More importantly, it can be used
to produce films on various types of conductive substrates, even those with uneven
surfaces or 3D structures. A unique 3D porous structure has been formed in such
MoSx/rGO nanocomposites. These electrodes demonstrate greatly improved lithium
storage performance for use as anodes in lithium ion batteries, due to the increased
conductivity and facilitated ion diffusion into the open pores. A high specific capacity of
1214 mAh g-1 is delivered at a current density of 0.1 A g-1. More impressively, this
composite electrode exhibits superior rate capability: a capacity of 1016 mAh g -1 is
retained at a very high current density of 2 A g-1. The study of lithium storage mechanism
in MoSx/rGO composite reveals that such excellent rate capability is mainly attributed to
the large proportion of pseudocapacitive component in the overall capacity.

The application of this type of molybdenum sulfide/graphene electrode with a unique 3D
porous structure is expanded to thermostable lithium ion batteries. This material is
expected to offer a highly accessible electrolyte-electrode interface for thermally stable
but viscous ionic liquid electrolytes; the electrolyte that can enhance the reliability of the
batteries at high temperature. In the final part of this thesis, a phosphonium-based ionic
liquid is employed as electrolyte with traditional organic liquid electrolyte as control. The
assembled cells with ionic liquid electrolyte show good electrochemical performance,
since the 3D porous structure of MoS2/rGO facilitates the wetting and diffusion of viscous
ionic liquid electrolyte. More importantly, they exhibit remarkable cycling stability and
even better rate capability at an elevated temperature, suggesting enhanced thermal
stability.
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In summary, two types of 2D materials (graphene, MoS 2) -based flexible electrode
systems with 3D porous structures have been realized in this research work: (1) freestanding films composed of 2D nanosheets incorporated with conducting polymer spacers
are fabricated via vacuum filtration; (2) 2D nanosheets-based composite films are
obtained by direct electrochemical deposition. Significantly improved electrochemical
properties along with excellent flexibility have been achieved in these 3D porous
electrodes for the applications in supercapacitors or lithium-ion batteries. The findings in
this research project are helpful for understanding the relationship between micro- or
nanostructures and electrochemical properties of the electrodes.

7.2 Outlook
The techniques presented in this doctoral work for fabrication of flexible electrodes all
have potential uses in practical productions. Vacuum filtration has been demonstrated to
be a simple, fast and low-cost method to prepare free-standing 2D nanosheets-based
film/paper from their dispersion precursors. In this way, film electrodes with controllable
thickness and dimensions can be readily produced by adjusting the concentration and
amount of dispersions. Moreover, such method is of versatile applications in fabrications
of various 2D materials-based electrodes with desired micro- or nanostructures by
introducing spacers [1] or combining with other techniques such as freeze-drying [2] and
solvent-exchanging [3]. In this work, an example has been shown to establish a 3D porous
structure by incorporating conducting polymer spacers. More importantly, the uniform
dispersion developed in this project can be readily applied to produce films in large scale
or micro-scale using the well-established fabrication techniques such as drop-casting,
spray-coating, spin-coating or 3D printing.
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Another important fabrication technique displayed here is electrochemical deposition.
This method is simple and fast. Besides, a significant feature provided is that this type of
materials can be conformally deposited onto the substrates with any shaped conductive
surfaces. This method can also produce electrodes with 3D architectures. Those 3D
electrodes have great potential for various applications, such as micro-batteries [4],
biosensors [5] and electrocatalysis [6]. The rapid development of 3D printing technology
gives the possibility of manufacturing substrates with finely-designed shapes and microsized 3D structures [7]. The combination of these two techniques may enable the
production of electrodes with customizable shapes, structures and dimensions. This will
meet the requirements of micro-scaled lithium-ion batteries, which are highly demanded
for autonomous micro-electronic systems. Also, it has been demonstrated that the
fabricated porous electrodes can deliver excellent performance even when using the
viscous ionic liquid electrolytes, in which the ion mobility is usually much lower than
that in organic liquid electrolytes. Such findings may provide a new avenue to develop
safe high-performance battery systems.

The flexible 2D materials-based films with 3D structures developed in this thesis all
demonstrate excellent electrochemical energy storage performance. The generated
information and knowledge may provide some guidelines for the future design and
synthesis of 2D materials-based flexible electrodes with high performance for energy
storage devices. It should also be pointed out that there is still large room for improvement
to realize their applications of these flexible films in practical devices.

For supercapacitors, graphene/PPy and MoS2/PEDOT:PSS film electrodes have shown
promising electrochemical properties. Their performance can be further improved by
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altering the nanostructures of the conducting polymer components, such as fibres, tubes
and arrays. With the aim of achieving both high power density and energy density,
asymmetric devices may be further considered, where such 2D materials-based composite
electrode involving faradaic reactions can be coupled with a non-Faradaic capacitive
electrode (e.g., porous graphene electrode), delivering higher operation voltage that leads
to higher energy. From the aspect of practical use, the mass loading of these films in this
work needs to be further increased, since it should be at least 5 mg cm-2 for an electrode
to be practically used. Incorporating another type of electroactive materials with high
capacitance (e.g. metal oxides) may further improve the performance.
For lithium-ion batteries, an electrochemically deposited MoSx/graphene as the anode
material has demonstrated excellent properties in coin cells coupled with Li foils. Their
properties in a full cell coupled with common cathode materials (i.e. LiFePO4 and LiCoO2)
as well as in a soft package configuration need to be investigated, as it is a common layout
in practical use. Moreover, their performance in fully flexible lithium-ion batteries using
solid-state electrolyte is worthy of investigation. It is also expected that the
electrodeposited MoSx/graphene may be used in miniaturized lithium-ion batteries.

Furthermore, thorough investigation of the mechanisms of the electrochemical synthesis
of molybdenum sulphides using in situ characterizations (e.g. in situ Raman and in situ
XPS) is necessary. This may help understand the key parameters that determine the
chemical composition and structures of the resultant composites, providing guidance for
optimization of synthesis methods in future work.

From a wider scope in flexible electrode fabrication, apart from the filtration and
electrochemical deposition methods applied in this thesis, a number of newly developed
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techniques can also be employed; such as inkjet-printing, 3D printing and wet-spinning,
owing to the outstanding processability of dispersion-based 2D nanosheets. Therefore,
many novel types of flexible electrodes and new configurations are expected; such as 2D
micro-electrodes, 3D electrodes and fibre electrodes that can meet the needs of various
applications.
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